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ABSTRACT 

Interface Engineering of high-performance organic and perovskite solar cells 

Akmaral Seitkhan 

 

Both organic and perovskite solar cells (OSCs and PSCs, respectively) have shown 

remarkable progress in recent years reaching power conversion efficiencies (PCEs) of 

17.6% and 25.2% for a single cell, respectively. These results were achieved by 

simultaneous advancements in organic and perovskite materials design and synthesis, as 

well as device and interfacial engineering. As these emerging photovoltaic technologies 

move closer to commercialization, further improvements in efficiencies and stability of 

the solar cells are needed. Interfaces in these thin-film solar cells have proven to be of 

tremendous importance for both device performance and degradation. This work is 

focused on studying recombination losses at the charge extracting layers in OSCs and 

PSCs and finding simple solution-processable ways of improving interfacial contacts.  

In the first part, we propose a simple way to improve the electron extracting properties of 

Phen-NaDPO, a small organic molecule widely used in OSCs, by mixing it with 

Sn(SCN)2. We show that this approach benefits morphology and charge transport, thus 

reducing recombination losses and improving overall performance of various bulk 

heterojunction OSCs and PSCs.  

In the second part, we describe the development of a multilayered system of electron 

transporting interlayers (ETLs) to improve the PCE and operational stability of PSCs. We 

sequentially deposit PC60BM, Al-doped ZnO (AZO), and small organic molecule 
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triphenyl-phosphine oxide (TPPO), and study how the ETL properties and device 

performance change with each layer. We find that the trap-assisted recombination and 

energy level alignment in PSCs improve due to specific chemical interactions between 

PC60BM, AZO, and TPPO.  

The third part is divided into two and is focused on CuSCN, a wide bandgap inorganic 

molecular hole transporting material, and its application in OSCs. In the first half, we 

study the recombination and photogeneration processes in PC70BM-only OSCs. We 

demonstrate that CuSCN plays a crucial role in excitons dissociation and efficient charge 

transfer at the CuSCN/PC70BM interface. In the second half, we optimize CuSCN layers’ 

structural and electronic characteristics using a simple solvent engineering approach. We 

study how processing conditions affect the morphological, chemical, optical, and 

electronic properties of CuSCN and how they impact the OSCs’ performance.  
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Chapter 1. Introduction 

1.1 Introduction, objectives, and structure 

The world energy demand is growing at a fast rate. Two main contributing factors have 

driven it: rapidly increasing world population and economic growth. The world 

population in 2020 is estimated to be around 7.8 billion; this number is expected to reach 

almost ten billion in 2050.[1] As to economic growth, it is widely accepted that the global 

middle-class expansion will lead to rising world energy demands as more people will use 

refrigerators, air conditioners, televisions, and other appliances.  

Indeed, in the recent couple of years, world energy consumption has been growing at an 

unprecedented rate since 2010-2011. As shown in Figure 1.1a, total world energy 

consumption in 2018 constituted 13,865 Mtoe (million of tonnes oil equivalent), and it is 

more than doubled since 1980.[2] Almost 85% of the total energy consumption is supplied 

by three main energy contributors, i.e., natural gas, oil, and coal, which are, 

unfortunately, also the biggest source of greenhouse gas emissions, and in particular 

carbon dioxide (CO2). Growth in carbon emissions at the current pace, as shown in 

Figure 1.1b, is inconsistent with the goals set by the Paris agreement on climate change 

in 2015, posing more threats to humanity each year. Growing energy demands and 

carbon emissions thus underscore the urgency for the decarbonization of the power 

sector, and renewable energy sources can be a part of the solution.   
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Figure 1.1. a) World energy consumption history by energy source [2] b) World 

global CO2 emissions history the last 30 years [3] 

In 2018 only 4% of total energy production was covered by renewables, among them 

solar and wind being one of the primary sources.[2] Despite such a small share of the 

renewables in global energy production, it seems like the world is becoming increasingly 

aware of the need to turn to more ‘clean energy’, and solar energy being one of the most 

attractive candidates. Indeed, as can be seen from Figure 1.2a, the cumulative installed 

photovoltaics (PVs) power has been increasing at a very fast pace, with China leading the 

quest for low carbon emission energy (175 out of 488 GW of installed PV in the world in 

2018).[4] Global data indicates that more solar PV capacities are installed globally in 

recent years than any other energy generation technology.[5] As can be seen from Figure 

1.2b, the potential available power which can be harvested by solar largely prevails over 

other renewables. The abundance and inexhaustibility of solar energy is another factor 

that makes it stand out from other options.  
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Figure 1.2. a) World cumulative installed PV power history.[4] b) Global availability of 

selected renewable energy resources.[6] 

Around 174,000 TW of solar energy flux reaches the upper atmosphere of Earth, of 

which around 600 TW can be potentially harvested according to estimations.[6] It is more 

than enough to cover the whole world’s energy utilization, which in 2018 constituted 

around 161 ×103 TWh (equivalent to the average energy rate of 18.4 TW).[2] This makes 

solar energy the most available power source among all renewables (Figure 1.2b).  

Another aspect to consider is the substantial price reduction of solar energy in recent 

years. The average selling price for multicrystalline silicon photovoltaic modules has 

dropped almost 15 times within the last decade, making photovoltaics one of the cheapest 

options for bulk electricity supply nowadays.[7] Thus, the abundance of solar energy, the 

increasing willingness of the countries to install more PV each year, and the considerable 

reduction in PV devices’ prices make solar power an attractive candidate for a primary 

source of renewable energy for the world in the future.  
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Generally, PV technologies are categorized into three generations according to their 

development stages. Thus, the first generation is based on crystalline silicon, and 

nowadays, it is the leading and most mature technology in the solar energy conversion 

sector, accounting for 94% of all the panels produced worldwide. The first silicon solar 

cell (SC) was made in 1954 at Bell Laboratories with an efficiency of 6%[8] and since 

then has been improved to more than 26% in laboratory conditions [9]. The second 

generation of SCs is based on thin films made of materials such as cadmium telluride, 

copper indium gallium selenide, and amorphous silicon. The thickness of such films 

varies between few nanometers to tens of microns but is still considered ‘thin’ in 

comparison to first-generation crystalline silicon SCs. Although second-generation 

technologies are less efficient to date than crystalline silicon, they are attracting attention 

as they can be cheaper. First and second-generation technologies have evolved from 

laboratories to industrial applications and, in some cases, have established themselves in 

the market. However, certain drawbacks such as high temperatures and vacuum involved 

in manufacturing for crystalline silicon or use of expensive, rare, and toxic materials for 

second-generation thin-film SCs, confines them to a certain niche. Some of the 

advantages third-generation PVs bring on the table, such as lightweight, semi-

transparency, compatibility with the roll-to-roll production methods, and flexibility, 

might secure them their niche in the energy production market.  

The third generation is so-called emerging PV technologies, still undergoing research and 

development stage, such as organic, perovskite, dye-sensitized, quantum dots, copper 

zinc tin sulfide solar cells. Figure 1.3 illustrates how different types of emerging PVs 

have been evolving in recent years and how it compares to other technologies.[10] As of 
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December 2020, record efficiencies for organic solar cells (OSCs) and perovskite solar 

cells (PSCs) are 18.2% (certified 17.6%)[11]  and 25.5%.[10] Moreover, an impressive 

29.1% was reported for perovskite/Si tandem cells, outperforming crystalline silicon 

single-junction cells.[10]    

 

Figure 1.3. Best research-cell efficiencies chart[10] 

Organic photovoltaics (OPVs) represent a promising class of third-generation solar cells 

with the potential to deliver high efficiencies using nonexpensive and easily adjustable 

organic materials, i.e., polymers and small molecules. Moreover, the solution 

processability of the employed materials from common organic solvents suggests low-

cost upscaling. Up to now, research in OSCs has elucidated their working mechanism and 

dealt with the materials and device optimization. PSCs are a younger class of PV 

technologies, the efficiency of which has been improving at an unprecedented rate during 
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the last decade. Efforts in this field have been mainly focused on the optimization of the 

individual layers involved in a cell.  

Interfacial layers in both perovskite and organic SCs play several roles: the creation of an 

Ohmic contact at the metal/semiconductor interface, charge selectivity at the respective 

electrodes, physical and/or chemical barrier between the photoactive materials and the 

electrodes, to name a few. For OSCs, optimization of the interfacial layers has been 

validated as one of the fundamental ways to improve device performance; and in the 

perovskite PVs field, interfacial processes and their effect on solar cell operation and 

stability are a topic of ongoing research.  

In this thesis, we discuss and address some of the problems related to the interfacial 

processes in both types of PVs in the context of cell performance optimization and 

stability. We explore how careful interface engineering can reduce energy losses in a 

solar cell and thus boost efficiency.  

 
In Chapter 2, we cover a brief history, basic working principles, the recombination 

losses, and the effect of the interfacial materials for both OSCs and PSCs.  

Chapter 3 describes the methods and techniques used for conducting the 

experiments in this work. 

In Chapter 4, we develop a new hybrid electron transporting layer composed of the small 

molecule 3-[6-(diphenylphosphinyl)-2-naphthalenyl]- 1,10-Phenanthroline (Phen-

NaDPO) and the inorganic molecule tin (II) thiocyanate (Sn(SCN)2). We demonstrate its 

application in both OSCs and PSCs and offer our explanation of the reasons behind 

device performance improvement.  
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In Chapter 5, we demonstrate a simple strategy of combining [6,6]-phenyl C61 butyric 

acid methyl ester (PC60BM), aluminum-doped zinc oxide (AZO), and triphenyl-

phosphine oxide (TPPO) electron-transporting layers (ETLs) to improve PSCs’ 

performance. We provide a range of characterization data to show how they interact with 

each other and the perovskite and how these interactions benefit the device.  

Chapter 6 is about hole-transporting material (HTL), copper thiocyanate (CuSCN), and 

consists of two parts. In the first half, we present the use of CuSCN in single-material 

OSCs and explain the special role it plays in its operation. In the second part, we discover 

a variety of solvents that can be used to process this material. We demonstrate how the 

choice of a solvent affects film quality and, consequently, solar cell performance.  

Chapter 7 concludes the work presented in this thesis and gives suggestions on possible 

future works.  

1.2 Figures of merit for solar cells 

The very first way to show how efficient a solar cell is to measure its current density-

voltage (J-V) characteristic, an example of which is shown in Figure 1.4. This 

measurement usually takes place at the following conditions: 1000 W/m2 light of AM 1.5 

solar spectrum. An external bias is applied to a solar cell, and the current output is 

recorded. The more detailed explanations for this measurement are given in Chapter 3. 

The following parameters are the figures of merit for a solar cell performance derived 

from the J-V curve: 

JSC –  short circuit current (JSC). This is the current output from the device at 

zero applied bias. The various ways to improve JSC are to enhance light 
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absorption by the device using a small bandgap or higher absorption 

coefficient materials, reduce non-radiative recombination, or increase 

mobilities of the charge carriers.[12] 

VOC –  open-circuit voltage (VOC). This is the voltage at which the current output 

from the device is zero. VOC depends on the difference between the two 

electrodes’ workfunctions (WFs). If good ohmic contact is formed 

between the active layer and the electrodes, VOC is affected by the 

difference between the highest occupied molecular orbital (HOMO) level 

of the donor and the lowest unoccupied molecular orbital (LUMO) level 

of the acceptor.[12]  

FF-  fill factor (FF). FF describes the ‘squareness’ of the J-V curve. Equation 

1.1 describes FF: 

                                                                     𝐹𝐹 =  
𝐽𝑚𝑝𝑝𝑉𝑚𝑝𝑝

𝐽𝑠𝑐𝑉𝑜𝑐
 ,                                                   (1.1) 

where Jmpp and Vmpp are the current density and voltage at the point of 

maximum power output.[12] FF is indicative of how much current output 

from the device is dependent on the applied bias. Improving FF without 

drastically affecting other parameters is still a challenge in the OPV field.  

PCE –  power conversion efficiency (PCE). PCE is a ‘summary’ of all the 

parameters described above. It is calculated according to Equation 1.2: 

                                                                   𝑃𝐶𝐸 =  
𝑉𝑂𝐶𝐽𝑆𝐶𝐹𝐹

𝑃𝑖𝑛
 ,                                                  (1.2) 
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where Pin is the power density of the input light to the device. As can be 

seen from the formula, to make a device more efficient, all three 

parameters, namely VOC, JSC, and FF should be improved.  

 

Figure 1.4. J-V curve and figures of merit of an SC. 
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Chapter 2. Organic and perovskite solar cells: background 

2.1  Organic solar cells 

2.1.1 Organic semiconductors 

Organic semiconductors are carbon-based materials, which are formed by a pi-conjugated 

system. The conjugated system implies alternate single and double bonds between sp2-

hybridized carbon atoms composing a core of the organic compound. The remaining π-

orbitals (pz orbital) of each carbon atom, which is not used during hybridization, combine 

to form a delocalized cloud of electrons or called π-orbital. The conjugated π-orbitals 

form a quasi-one-dimensional electronic band, where bonding and antibonding states will 

correspond to different energy levels as shown in Figure 2.1. Bonding and antibonding 

orbitals form when atoms come together to form a molecule. Bonding occurs when the 

interaction of two pi atomic orbitals is in phase, otherwise, antibonding the interaction 

results in antibonding orbitals. In principle, charge transport in organic materials is 

possible because electrons are thermally activated (at room temperature) and ‘hop’ from 

site to site within the delocalized electron cloud.  

 

Figure 2.1. A schematic of bonding-antibonding interactions in an organic 

semiconductor. 
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The discovery and understanding of the charge transport mechanism in organic 

semiconductors lead to the emergence of various research fields developing potential 

applications of this phenomenon in different electronic devices. For example, early 

organic light-emitting diodes (OLEDs), devices aimed at emitting light in response to 

electric current,  were reported by Tang in the 1980s[1], and since then, OLEDs have 

secured a niche in both the market and ongoing research. Flexible and ultra-thin displays 

utilizing OLED technology have already entered everyday life as part of the screens such 

as mobile appliances, digital cameras, and lighting applications. Apart from OLEDs, 

organic semiconductors are attractive materials to be used for photovoltaic applications. 

Opposite to OLEDs, OSCs use organic semiconductors to absorb incident light and 

converting that energy into electricity.   

2.1.2 Organic photovoltaics history 

Photoconductivity in organic compounds has been studied for more than a century, 

starting from Pochettino and Volmer in the early 1900s working on anthracene [2-3]. In the 

1960s many common dyes, e.g., methylene blue, phthalocyanines, and pinacyanol, have 

been found to have semiconducting properties. These organic dyes later were among the 

first organic materials in which photovoltaic properties were studied. Although some 

work on organic charge-transfer complexes has been done and the possibility of electrical 

conductivity in organic compounds has been intermittently discussed by the time[4-5], the 

organic semiconductors research fields truly blossomed after Alan J. Heeger, Alan 

MacDiarmid, and Hideki Shirakawa reported over seven orders of magnitude increase in 

electrical conductivity of polyacetylene films upon exposure to halogens.[6] In 2000 they 

were awarded the Nobel Prize in Chemistry for the discovery and development of 



36 
 

conductive polymers. However, despite these achievements, until the 1980s, 

photovoltaics based on organic materials exhibited very low efficiencies, i.e., less than 

0.1% PCE [7]. A game-changing breakthrough happened in 1986 when Tang suggested a 

heterojunction concept using two materials, an electron donor and an acceptor, in a 

bilayer device structure (shown later in Figure 2.2).[8] The efficiency he reported, 1%, 

was higher than anything else reported before. The second breakthrough was the 

discovery of bulk heterojunction (BHJ), i.e., the active layer ‘design’ where the donor 

and acceptor materials are co-deposited to form an interpenetrating network. It was 

reported both for the sublimation [9] and spin-coating deposition methods [10].  

Since then, OSCs’ performance has been significantly improved to over 18% (certified 

17.6%)[11] and over 17% for a tandem device in the last few years. [12] For that, extensive 

work has been done to synthesize new absorbing materials and optimize device 

architectures, including the hole- and electron-transporting layers.  

2.1.3 Excitonic nature of OPVs and the concept of heterojunction 

One of the main features which make organic semiconductors different from their 

inorganic counterparts is the dielectric constant, εr. For most organic semiconductors, the 

values of εr lie in the range of 2-4, while for widely-used silicon εr is 11.7 [13].  In practice, 

this means that two charges immersed in the medium are strongly bound by Columbic 

forces (Equation 2.1). Thus, upon light excitation, a pair of free opposite charges are 

created in silicon; while in the organic material, this pair is still strongly bound and 

cannot be split at room temperature. Such an electron-hole pair’s binding energy is within 

the range of 0.3-1 eV [13], which is larger than 0.025 eV thermal energy at 25°C. The 
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heterojunction concept was successfully used in the OPV community to resolve this 

problem,[8-10] where two organic semiconductors with different energy levels are used to 

provide a driving force for the electron-hole pair dissociation, as explained further in 

Section 2.2.         

                                                                 𝐹(𝑟) =  
𝑞1𝑞2

4𝜋휀0휀𝑟𝑟2
 ,                                                   (2.1)  

where 𝑞1 and 𝑞2 are signed magnitudes of the charges, 휀0 is the dielectric constant, 휀𝑟 is 

the permittivity of the medium, and 𝑟 is the distance between the charges.  

2.1.4 Device architectures 

Several device architectures have been suggested and studied so far; among them, the 

bilayer and BHJ designs are the most common for a single-junction OSC. They both 

consist of two electrodes, an anode and a cathode, an active layer, and usually two 

transport layers for electrons and holes. For a substrate choice, the most common is glass 

or plastics such as PET or PEN. One electrode is usually transparent conductive oxide, 

such as indium tin oxide (ITO) or fluorine-doped tin oxide, and the other is thermally 

evaporated metal (aluminum, gold, silver). Depending on the device’s sides where 

electrons and holes are collected, the architecture can be called ‘normal’ (‘conventional’) 

or ‘inverted’. If holes are collected from the ITO side, the device is ‘normal’; if holes are 

collected from the metal side – it is ‘inverted’. When it comes to the active layer, the 

early design is a ‘bilayer’ (Figure 2.2a), where donor and acceptor materials are 

deposited one on top of the other, and the later concept is a BHJ, where two materials are 

blended to form an interpenetrating network (Figure 2.2b) [10]. In the BHJ, compared to 

the bilayer, the interface between the donor and the acceptor is tremendously increased so 
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that more excitons can be dissociated, while free charge carriers still have percolated 

pathways to reach their respective electrodes. However, in that case, the active layer's 

morphology plays a crucial role as the photogenerated excitons have to reach the donor-

acceptor junction within their diffusion length, i.e., typically the phase separation in the 

active layer has to be 10-20 nm.[14] When it comes to the deposition methods, the donor 

and the acceptor materials can be evaporated together to form intermixed layer. However, 

the most common method is to dissolve them together in one solution and then deposit 

them from the liquid phase as a single layer via deposition techniques such as spin-

coating, inkjet printing, and slot-die coating, etc.  

A different approach to improve the device performance is to stack several devices in 

series or parallel to increase the current or voltage output. Figure 2.2c shows an example 

of a tandem cell stack, where voltage is a sum of voltages from each cell, while currents 

in two cells have to match each other as much as possible. In this type of device, the 

bottom and top cells are separated with the intermediate layer where opposite charges 

recombine.  

 

Figure 2.2. Different device designs of the OSCs: (a) bilayer, (b) BHJ, (c) tandem. 
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2.1.5 Working principle of OSCs and recombination 

The OSCs’ operating principle can be described in four steps: photoexcitation and 

exciton generation, exciton diffusion and dissociation, carrier transport, and charge 

extraction at the electrodes. In the following few paragraphs, these processes will be 

discussed in more detail. The energy levels alignment of the materials used in OSCs is 

shown in Figure 2.3 and discussed later. The scheme for the processes happening in a 

working solar cell is given in Figure 2.4.  

1. Photoexcitation and exciton generation 

When an organic semiconductor absorbs an incident photon, an electron is excited from 

the HOMO of the organic material to its LUMO. This is similar to the inorganic solar cell 

process, where an electron is excited from the valence band (VB) to the conduction band 

(CB). However, instead of the formation of a free electron-hole pair, an exciton is created 

as discussed earlier.  Organic materials commonly possess a high absorption coefficient, 

105 cm-1 [15]. This makes efficient ultra-thin (a few hundreds of nanometers thick) solar 

cells possible, as they still absorb a sufficient amount of light [16]. 

2. Exciton diffusion 

After photoexcitation of the active materials in the OSC, the formed strongly bound 

excitons have to be dissociated; otherwise, they recombine and cannot contribute to the 

photocurrent.  
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Exciton itself is an electrically neutral species and diffuses through a random thermal 

motion. However, the distance which exciton can travel before recombining is limited 

and is called diffusion length. Diffusion length is given by Equation 2.2. 

                                                       𝐿 =  √𝐷𝜏 ,                                                                 (2.2) 

where D is the diffusion coefficient, and τ is the exciton lifetime.  This diffusion length is 

relatively short for organic materials in the range of few tens of nanometers [17].  

Tang et al. for the first time demonstrated that choosing two organic materials with the 

appropriate offset in their energy levels enables the dissociation of the electron-hole pair 

and makes efficient OSCs possible [8]. The interface between these two materials is called 

heterojunction. Since then the development of the OPVs has been heavily relying on the 

heterojunction concept. An exciton has to reach the heterojunction within a few tens of 

nanometers of rather a random diffusion motion to create free charge carriers and 

contribute to the current in the device. For comparison, the diffusion length in silicon has 

been shown to reach hundreds of microns [18-19]. Different device designs have been 

suggested in the community to fulfill this requirement, as discussed later in the device 

architectures section.  

3. Exciton dissociation  

Two materials, A and B, with energy levels are shown in Figure 2.3, are placed adjacent. 

If photoexcitation happened in Material A, the created exciton might diffuse to the A/B 

interface. If the energy difference between LUMOB and HOMOA is lower than the 

exciton’s potential energy, an energetically favorable process is the transfer of the 
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electron from LUMOA to LUMOB, while the hole stays in HOMOA. This is called 

charge-transfer (CT) state, and Materials A and B are called donor and acceptor, 

respectively. The charge transfer process is ultra-fast, which has been reported to take 

tens of femtoseconds [20].  

 

Figure 2.3. Donor-Acceptor energy levels alignment at the heterojunction. 

4. Charge transport 

The dissociated exciton is called a geminate pair. The geminate pairs have to be 

transported to the respective electrodes where they can be collected: electrons have to 

travel towards the cathode, while holes – towards the anode. The main mechanisms of 

transport are diffusion and drift.  As the excitons are dissociated at the donor-acceptor 

interface, it becomes the area with a high charge carrier concentration. Because of the 

concentration gradient, electrons and holes move away from the heterojunction. This 

motion is called diffusion, and it dominates when the applied bias and internal electric 

field balance each other. The second mechanism, drift, happens due to a potential 

gradient, which is mostly defined by the choice of electrodes in the device. The 



42 
 

difference in the electrodes’ WFs creates the built-in potential (Vbi), which affects the 

VOC of the solar cell. When the solar cell's internal field is large, the charge carriers drift 

towards their respective electrodes.  

There are significant differences between charge transport in organic and inorganic 

materials. For example, in crystalline silicon, the crystal lattice and covalent bonds 

between the atoms enable the transport of free charge carriers in the VB or CB. This 

manifests itself in high mobilities achievable in silicon: ~ 4.5×10-2 m2 V-1 s-1 [21] for holes 

and 0.1 m2 V-1 s-1 for electrons. It is very different in organic semiconductors, where 

molecules are bonded by weak van der Waal’s forces and atoms - by conjugated π-bonds. 

Furthermore, even though this type of bonding gives organic materials some of their 

advantages as lightweight, flexibility, and low sublimation point, it also makes the charge 

transport mechanism very different from that of inorganic counterparts. In organics, the 

structure is more disordered and charges instead ‘hop’ from site to site, resulting in 

comparatively lower mobilities in the range 10-2 – 10-6 m2 V-1 s-1 [22]. The balance 

between hole and electron mobilities is also important in the OSCs because unbalanced 

mobilities can lead to the space charge limited current [23]. In more detail, when one type 

of charge carrier has considerably higher mobility than the other, they will reach their 

respective electrodes more efficiently. However, because the opposite charge carriers are 

collected at the lower rate, the faster carriers will accumulate, creating the so-called space 

charge and thus affect the current output from the device. Thus, not only the mobilities of 

the charge carriers in the solar cells are important, but also their balance with respect to 

each other.  
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Figure 2.4. A scheme of the working principle of an OSC. Adapted from [13]. 

2.2  Perovskite solar cells 

2.2.1 Perovskite crystal 

The first perovskite mineral, CaTiO3, was found in 1839 by Gustav Rose and was named 

after the renowned Russian mineralogist Lev Perovski, thus giving the name for this class 

of materials. Perovskite is a crystal structure with the ABX3 chemical formula (as in 

CaTiO3), where A and B represent cations and X - an anion. An ideal cubic structure of 

the perovskite crystal is shown in Figure 2.5, where 8 ‘A’ cations (red) are sitting at the 

cube corners, 1 ‘B’ cation (grey) is in the center, and 6 ‘X’ anions (blue) are located at 

the centers of the cube’s faces. It has been reported that the anions are mobile and can 

wander throughout the perovskite crystal.[24] 
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Figure 2.5. Perovskite cubic crystal structure.  

After the discovery of CaTiO3, many inorganic metal oxides were shown to have 

perovskite structures as well, e.g., BaTiO3, SrTiO3, NaTiO3, and BiFeO3. As for solar cell 

applications, the most studied perovskite to date is methylammonium lead iodide 

(CH3NH3PbI3), the so-called organic-inorganic hybrid perovskite, where the ‘A’ cation is 

organic moiety CH3NH3
+, and ‘B’ cation is Pb2+.   

The formation and stability of the perovskite crystal are dependent on the Goldschmidt 

tolerance factor, which is determined by the Equation 2.3: 

                                                                   𝑡 =
(𝑟𝐴 + 𝑟𝑋)

√2(𝑟𝐵 + 𝑟𝑋)
 ,                                                     (2.3) 

where 𝑟𝐴, 𝑟𝐵 and 𝑟𝑋 are the radii of the ‘A’ cation, ‘B’ cation, and ‘X’ anion, respectively. 

Often to form a stable three-dimensional perovskite, the tolerance factor must lie in the 

range between 0.8 and 1. As shown in Table 2.1, for this condition to be valid for a 
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typical crystal with Pb2+ as ‘B’ cation, the ‘A’ cation radius has to be between 1.6 – 2.5 

Å.[25]   

Table 2.1. Estimated radii of ‘A’ cation in APbX3. Adapted from.[25] 

𝑟𝑃𝑏
∗  𝑋∗ 𝑟𝐴 for t = 0.8 𝑟𝐴 for t = 1.0 

Pb2+ (1.19 Å) 

Cl− (rCl = 1.81 Å) 1.58 Å 2.43 Å 

Br− (rBr = 1.96 Å) 1.60 Å 2.50 Å 

I− (rI = 2.20 Å) 1.64 Å 2.59 Å 

In the commonly-used CH3NH3PbI3, methylammonium cation radius is 1.8 Å, giving a 

tolerance factor of 0.83. Thus, a certain degree of distortion from the cubic structure is 

expected. Indeed, numerous reports have shown that at room temperature, CH3NH3PbI3 

crystal forms in a tetragonal structure and transitions to the cubic structure at 54°C. 

Perovskites offer a variety of advantageous characteristics for solar cell applications. 

From the material perspective, they have strong[26-28] and tuneable[29-30] light absorption, 

long exciton diffusion length,[31-32] low exciton binding energy[33], and high charge carrier 

mobilities.[34-35].[36] From the manufacturing point of view, perovskites can be solution-

processed, which makes them cheap and simple. Unlike silicon solar cells, it does not 

require high temperatures (> 1000 °C) and a high vacuum. PSCs can be manufactured by 

the roll-to-roll coating techniques such as slot-die coating, ink-jet printing, blade-coating, 

and spray-coating. If used for silicon-perovskite tandem solar cells, they can be deposited 

by a simple additional step in the silicon SC production line. All these features make 

perovskites an attractive class of materials for the next generation of solar cells.  
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2.2.2 History of perovskite solar cells 

As briefly mentioned earlier, perovskites as a class of materials have been known for 

quite some time. Since CaTiO3 was first discovered in 1839, perovskites, and especially 

oxide perovskites, attracted much attention. From the 1950s they were used for different 

applications, e.g. researchers at Philips attempted to incorporate oxide perovskites in 

condensers and electrochemical transducers, following numerous efforts to use them in 

the fabrication of fuel cells, catalysts, gas sensors heating elements, lasers, and multilayer 

capacitors. However, the use of organic-inorganic hybrid perovskites as we know 

nowadays in thin-film solar cells began relatively not a long time ago. The base 

technology for PSCs is solid-state sensitized solar cells based on dye-sensitized Gratzel 

solar cells. As shown in the device schematic in Figure 2.6, a typical dye-sensitized solar 

cell (DSSC) consists of three major components: mesoporous TiO2, covered with 

sensitizing light-absorbing dye and surrounding redox-active electrolyte.  

 

Figure 2.6. Device structure of a DSSC. Adapted from [37]. 

As the options to replace liquid electrolytes with solid-state counterparts were being 

explored in the field, there was a need for materials that could enable complete light 



47 
 

absorption even in very thin layers and possibly push the near-infrared absorption region, 

instead of the traditionally-used organic dyes. The search for such a material motivated 

Miyasaka and colleagues to try CH3NH3PbI3 and CH3NH3PbBr3 as absorbers in solid-

state and liquid electrolyte cells. In 2009 they published the first report on the perovskite-

sensitized solar cell reaching 3.8% efficiency.[38] However, the cell was stable only for 

few minutes because of the use of the liquid electrolyte.  

In 2011, Park et al. further improved the performance to 6.5% PCE by utilizing the same 

device concept but increasing the perovskite loading.[39] However, the problem of the 

decomposition of the perovskite in the liquid electrolyte remained. The solution came in 

2012 by the Snaith group, when the liquid electrolyte was replaced with the solid-state 

hole conductor, 2,2′,7,7′-tetrakis (N, N-di-p-methoxyphenylamino)-9,9′-spirobifluorene 

(spiro-OMeTAD), which has been previously successfully used in both OLEDs and 

DSSCs.   As perovskite and spiro-OMeTAD were deposited from orthogonal solvents, 

the cell appeared more stable and delivered almost 10% efficiency.[40] This was a big 

breakthrough as the best-to-date solid-state DSSCs at the time were exhibiting 

efficiencies of just over 7%.[41] 

Further, mesoporous TiO2 was replaced with insulating mesoporous Al2O3 to see if 

electron transfer is happening through the perovskite phase. Surprisingly, the cells 

exhibited a 200-300 mV increase in VOC and PCE of more than 10%.[42] This can be 

considered a turning point for PSCs as it raised questions about the need for the scaffold 

for electron extraction. It was demonstrated that perovskites are indeed capable of 

transporting both electrons and holes and thus the thin-film planar architecture can be 

employed for PSCs.[43]  
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Since then, the number of publications on PSCs was steadily increasing each year, and 

new findings in fabrication and processing improved both efficiencies and stability of 

both mesoscopic and planar cells. For example, over 15% efficiency of a planar PSC was 

reported by Liu et al. via the vapor deposition technique.[44] Another notable 

breakthrough happened in 2014 with the implementation of the anti-solvent approach, 

where a dimethyl sulfoxide solvent is used to slow down perovskite crystallization, thus 

resulting in higher quality films.[45-47] This method has been extensively adopted by many 

groups. The two-step deposition method has also been widely used since Burschka et al. 

first developed it in 2013.[48] The idea is to first cast PbI2 onto porous TiO2 and then 

convert it to perovskite by exposing it to methylammonium iodide solution. Such a 

technique was shown to improve perovskite layer quality and deliver cells with 15% 

efficiency.[48] Doctor-bladed PSCs with 18.3% were reported by Deng et al.[49]  

A certified PCE of 21.02% was reported by Bi et al., where poly(methyl methacrylate)  

was used as a template to control nucleation and crystal growth of the perovskite.[50] The 

same year researchers from KRICT and UNIST hold the highest certified PCE for a 

single-junction perovskite solar cell with 22.1 %.[51] In 2018 researchers at the Chinese 

Academy of Sciences pushed it further to certified 23.3%.[51] As of June 2020, the state-

of-the-art PSC demonstrated a PCE of 25.2%.[51] Remarkably, PSCs outperformed some 

of the more-established photovoltaic technologies, such as cadmium telluride and copper 

indium gallium selenide. Moreover, the possibility of using perovskite not only in single-

junction but in tandem devices has been attracting more and more attention both in the 

scientific and industrial communities. Thus, in 2020 a new record was set by Al-Ashouri, 

et al., as they announced a certified 29.15% PCE for a silicon/perovskite tandem solar 
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cell,[52] outperforming both single-junction cells.[51] Other than single-junction and 

tandem solar cells, perovskites are attractive candidates for use in building-integrated 

photovoltaics applications, light-emitting diodes, lasers, photocatalysts, and 

photodetectors.  

2.2.3 Device architectures 

The architecture employed for the fabrication of a PSC significantly influences its 

performance and the choice of materials, their compatibility, and deposition methods. 

Two major types of device architectures for PSCs developed so far are so-called 

mesoscopic and planar. The mesoscopic device design historically appeared first, as 

perovskites photovoltaics emerged from the base technology of DSSCs. In this 

configuration perovskite layer is deposited on top of an oxide scaffold with two 

possibilities: 

1. The charge transporting material infiltrates the pores in the scaffold, and 

perovskite covers the scaffold as a thin layer (Figure 2.7a) 

2. Perovskite infiltrates the scaffold and forms a layer on top of it (Figure 2.7b). 

As discussed in Chapter 2.2.1, one of the breakthroughs in the history of PSCs was the 

understanding of the ambipolar nature of perovskites, which led to the development and 

successful implementation of the planar architecture. Planar architecture offers several 

advantages over the mesoporous counterpart: low-temperature processability (<150°C), 

the possibility of fabrication on flexible substrates, and integration in tandem solar cells 

both as top and bottom cell, the versatility of deposition techniques, and simple 

preparation.  
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In a planar PSC, there is no need for an oxide scaffold; it is replaced by a planar layer of 

electron- or hole-transporting material. As in OPVs, planar architecture can either be 

‘conventional’ or ‘inverted’ depending on the electric current's direction. However, for 

PSCs in ‘conventional’ cells, electrons are collected from the transparent electrode side 

(‘n-i-p’ structure), while for inverted cells – from the metal side (‘p-i-n’ structure) as 

shown in Figure 2.7c and 2.7d. For all experiments presented in this work, the employed 

architecture is the planar ‘p-i-n’. The inverted ‘p-i-n’ architecture came to the PSCs field 

from the OPVs as Jeng et al. reported the first cell in this configuration in 2013.[53] It 

offers low-temperature processing and negligible hysteresis behavior in comparison to 

the conventional architecture.[54]  

 

Figure 2.7. Mesoscopic PSCs, where perovskite covers the scaffold as a) a thin layer and 

b) a layer on top of it. Planar PSCs in c) an n-i-p and d) p-i-n structure. Adapted from [55]. 
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2.2.4 The difference in working principle of OPVs and PSCs 

The primary mechanism behind the conversion of energy in a photovoltaic device starts 

with the charge generation upon light absorption, followed by the charge transport to the 

respective electrodes and charge collection at the electrodes. However, there are 

substantial differences in this process in OSCs and PSCs due to the nature of the used 

photoactive materials, i.e., organic semiconductor and hybrid organic-inorganic 

perovskite. The main difference between these two for photovoltaic applications is that 

unlike organic semiconductors, exciton binding energy in perovskite absorbers is 

relatively small, in the order of a few milli-electronvolts, as shown in Table 2.2. Thus, 

photon absorption in PSCs practically leads to the generation of free carriers as schemed 

in Figure 2.8, which is fundamentally different from OSCs' working mechanism.[56-58] 

This is one of the significant advantages of PSCs as free charge carriers are generated in 

one step, while in OSCs, exciton dissociation causes significant energy loss.  

Table 2.2. Comparison of the active layer materials’ parameters in OSCs and PSCs (a[59], 

b[60], c[61], d[62], e[34], f[63]). Adapted from [64]. 

Parameter OSCs (P3HT/PC60BM) PSCs (CH3NH3PbI3) 

Bandgap 1.8 eVa 1.55 eVd 

Exciton binding energy ~ 0.3-0.5 eVb <0.05 eVe 

Electron mobility ~ 2 × 10-3 cm2V-1s-1c 2-10 cm2V-1s-1f 

Hole mobility 10-4 cm2V-1s-1c 5-12 cm2V-1s-1f 
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Figure 2.8. Band diagram and working mechanism of PSCs: 1. Absorption of photon 

and free charge carrier generation; 2. Free charge carriers transport and 3. Their 

collection at the respective electrodes. Adapted from [55]. 

After the generation of free charge carriers, they are separated by the injection of 

electrons into an ETL and holes into an HTL. This means that the electrons generated in 

the perovskite close to the HTL have to travel through the absorber’s whole thickness to 

reach the ETL and vice versa for the holes, increasing recombination chances. However, 

it has been demonstrated that perovskite absorbers in PSCs have a large photoinduced 

dielectric constant, making Coulomb attraction between generated charge carriers 

negligible, unlike OSCs.[65] Thus, perovskites provide ambipolar charge transport with 

the diffusion length of both carriers more than 1 μm.[66-67] Indeed, it has been reported 

that both electron and hole injection in PSCs occurs in a similar timescale.[66]  
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2.3 Recombination 

2.3.1 Geminate recombination 

In an ideal scenario, every photon which is absorbed by a photoactive material of a solar 

cell is converted into free charge carriers of opposite signs which are then collected at the 

respective electrodes. However, in reality from the absorption of photon till collection of 

charges at the electrodes, every step of the photoelectric conversion process is 

accompanied by potential losses, thus reducing its efficiency. Geminate recombination is 

often discussed in the context of OSCs, as it involves the recombination of an electron-

hole pair originating from the same photon event. It happens in OSCs when 

photogenerated exciton recombines before it can separate into free charges, thus geminate 

recombination is considered to be monomolecular. It is driven by the Coulomb attraction 

between the electron-hole pair. Geminate recombination processes often happen if the 

domain sizes in the active layer are larger than the diffusion length, so excitons do not 

have enough time to reach the donor/acceptor interface as represented by process 1 in 

Figure 2.9 schematic.[68] However, even if an exciton reaches the donor/acceptor 

interface it still can recombine (process 2 in Figure 2.9).[68] The most common causes of 

this type of loss were for a long time considered to be large domain sizes and inefficient 

energetic offsets between donor and acceptor materials.[69-71] However, other factors can 

also contribute to it such as: phase purity, delocalization of CT-states, energy of triplet 

states, etc.[68]  
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Figure 2.9. Diagram of the processes involved in geminate recombination: 

photoexcitation from ground to singlet state S|, dissociation of the exciton to form a CT-

state, dissociation of the CT-state into charge-separated (CS) state. 1. Exciton decay 

before it reaches donor/acceptor interface; 2. Geminate recombination at the 

donor/acceptor interface. Adapted from [68]. 

2.3.2 Non-geminate recombination 

In contrast, non-geminate recombination indicates types of recombination where electron 

and hole do not originate from the same photon absorption event. This happens when 

charge carriers are successfully separated and travel towards their respective electrodes. 

Non-geminate recombination can even involve injected charge carriers. Moreover, there 

are many mechanisms by which non-geminate recombination occurs in a solar cell, 

among which bimolecular, trap-assisted, and Auger recombination are discussed further 

in the context of OSCs and PSCs.  

Bimolecular recombination involves a free electron and a free hole as shown in Figure 

2.10a. It is most common for OSCs.[68] As bimolecular recombination takes place when 

two charge carriers of opposite signs meet, it is related to the rate at which they find each 
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other in the photoactive film. The faster the charges travel, the faster they find one 

another, making recombination rate proportional to their mobilities.[68] The rate of 

bimolecular recombination is usually described by the Langevin relation[72] as in 

Equation 2.4: 

                                                   𝑅𝐿 =  
𝑞

휀
(𝜇𝑛 + 𝜇𝑝)(𝑛𝑝 − 𝑛𝑖

2),                                        (2.4) 

where 𝑞 is the elementary charge, 휀 is the dielectric constant, 𝜇𝑛 and 𝜇𝑝, 𝑛 and 𝑝 are 

mobilities and charge densities of electrons and holes respectively, and 𝑛𝑖 is the intrinsic 

carrier concentration. Thus, bimolecular recombination is a second-order process, i.e. it 

involves two charge carriers.  

 

 

Figure 2.10. Non-geminate recombination mechanisms: a) bimolecular, b) trap-

assisted, and c) Auger. 

Trap-assisted recombination involves free electron and free hole recombining, while one 

of the charges is localized and acts as an energetic ‘trap’ as shown in Figure 2.10b. The 

rate of this type of recombination depends on the number of sites that act as traps, their 

energy depths, and by how quickly the free carrier charges can find them.[68] Trap-
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assisted recombination along with Auger recombination contributes to non-radiative 

losses in a device. It is also known as Shockley-Read-Hall recombination and its’ rate is 

often described by Equation 2.5[68, 73]: 

                                               𝑅𝑆𝑅𝐻 =
𝐶𝑛𝐶𝑝𝑁𝑡𝑟(𝑛𝑝 − 𝑛𝑖

2)

[𝐶𝑛(𝑛 + 𝑛1)𝐶𝑝(𝑝 − 𝑝1)]
 ,                                    (2.5) 

where 𝐶𝑛 is a probability that an electron in the CB will fall into a trap, assuming the trap 

is empty and can capture the electron in a unit of time, likewise 𝐶𝑝 is a probability for a 

hole to get captured in a trap, assuming the trap is filled with an electron and can capture 

the hole in a unit of time, 𝑁𝑡𝑟 is a trap density.  

Auger recombination involves three particles and thus it is considered trimolecular. In 

this non-radiative process, an electron in the CB and a hole in the VB recombine, and the 

emitted energy is transferred to another electron exciting it to a higher energy level. 

Equation 2.6 is often used in regards to Auger recombination rate:[68] 

                                            𝑅𝐴𝑢𝑔𝑒𝑟 = 𝛤𝑛𝑛(𝑛𝑝 − 𝑛𝑖
2) +  𝛤𝑝𝑝(𝑛𝑝 − 𝑛𝑖

2),                         (2.6) 

where 𝛤𝑛 and 𝛤𝑝 are the Auger coefficients.  

2.3.3 Recombination in OSCs 

Geminate recombination in OSCs is known to be able to detrimentally affect JSC.[74-75] 

The rate of geminate recombination was shown to sometimes increase with applied bias, 

thus deteriorating FF.[76-77] However, there have been reports of OPV systems, where 

photoelectric conversion of photons to free charge carriers is almost 100% efficient.[78-79] 
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While geminate recombination in OSCs can sometimes be eliminated, every OSC will 

still suffer from non-geminate recombination, at least at the conditions close to VOC.[68] 

Auger recombination is associated with high charge density, which is not usually the case 

for OSCs. Thus, Auger recombination has not been directly discerned in OSCs,[80] and is 

commonly not discussed in the context of OPVs. 

Bimolecular recombination is the most common type of recombination loss in OSCs.[81] 

Equation 2.4, which describes Langevin-type recombination, involves a pair of moving 

charge carriers of opposite signs attracted to each other by Coulombic force. The 

Coulomb capture radius (𝑟𝐶) is a distance between two elementary charges at which 

electrostatic interaction between them is comparable in magnitude to 𝑘𝐵𝑇 (Equation 

2.7): 

                                                       𝑟𝐶 =
𝑞2

4𝜋휀0휀𝑟𝑘𝐵𝑇
 ,                                                         (2.7) 

where 𝑘𝐵 is Boltzmann constant and 𝑇 is absolute temperature. As mentioned earlier, 

charges in organic semiconductors move by hoping from site to site, and hoping distance 

in disordered organic materials is in the range of few nanometers.[68] However, 𝑟𝐶 at room 

temperature and 휀𝑟 = 3 (common value for organic semiconductors)[82] is estimated at 

around 18 nm, which is considerably larger than the hopping distance of charge carriers 

in organic semiconductors, making Langevin recombination in OSCs inevitable. Indeed, 

it has been observed in many OPV systems.[83-85] 

With regards to trap-assisted recombination, it has been shown that in OSCs in which 

𝑛 = 𝑝 and 𝑛𝑝 ≫ 𝑛1𝑝, for electron-trap cases Equation 2.5 reduces to 𝑅𝑆𝑅𝐻 =  𝐶𝑝𝑁𝑡𝑟𝑝, 
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where 𝐶𝑝 is a capture coefficient, 𝐶𝑝 =
𝑞

𝜀
𝜇𝑝.[86] Hence, trap-assisted recombination in 

OSCs is defined by the diffusion of one free charge carrier towards the immobile 

‘trapped’ charge carrier of the opposite sign. Even though it is known that traps are 

present in organic semiconductors used in OPVs, trap-assisted recombination does not 

seem to be the dominating recombination mechanism in most of the high-performing 

OSCs.[87] 

Measuring J-V curves at different light intensities can be insightful for studying the types 

of recombination losses in an OSC. For example, the following dependence (Equation 

2.8) was suggested by Koster et al.:[88] 

                                                    𝑉𝑂𝐶 =
𝐸𝑔𝑎𝑝

𝑞
−

𝑘𝐵𝑇

𝑞
 𝑙𝑛 (

𝑁𝐶𝜐
2

𝑛𝑒𝑛ℎ
) ,                                    (2.8) 

where 𝐸𝑔𝑎𝑝 is the effective LUMOA/HOMOD offset, 𝑁𝐶𝜐 is the effective density of states 

in the donor and acceptor, and 𝑛𝑒 and 𝑛ℎ are electron and hole dissociated carrier 

densities, respectively. 𝑛𝑒 and 𝑛ℎ vary with light intensity. Hence, the systems, where 

trap-assisted recombination is not present, are expected to have a 𝑘𝐵𝑇/𝑞 dependence on 

the intensity of the applied light. When trap-assisted recombination affects a cell’s 

performance, the above-mentioned dependence is distorted and the slope becomes larger 

than 𝑘𝐵𝑇/𝑞. This method is only relevant for decently-working solar cells, where leakage 

current is low and does not interfere with the VOC behavior at low light intensities.  

Dependence of photocurrent on the light intensity is also useful in differentiating 

recombination losses in OSCs. Particularly, sub-linear dependence has been shown to 
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indicate a certain degree of bimolecular recombination in a cell.[88] Both methods are 

used and discussed in more detail in the following chapters.   

2.3.4  Recombination in PSCs 

As mentioned before, Auger-type recombination usually happens at high carrier 

concentrations (>1017 cm-3).[89] It has been shown that Auger recombination in PSCs is 

quite weak, and in most cases can be neglected.[90] 

Trap-assisted recombination is the dominant recombination loss mechanism in PSCs. It is 

known to be one of the major reasons for reduced VOC and FF of PSCs[91-92]. The primary 

channels of trap-assisted recombination in PSCs are grain boundaries in the perovskite 

films and interfaces with charge extraction layers.[92] Numerous reports demonstrated 

how mitigating recombination in PSCs not only increases PCE but also reduces hysteresis 

and sometimes improves the stability of a device.[93-95] 

In a perovskite film, the traps can be so-called ‘deep-level’, i.e. their thermal activation 

energy is larger than the thermal energy scale 𝑘𝐵𝑇, and ‘shallow-level’. It has been 

suggested that the main cause of trap-assisted recombination in PSCs are the deep-level 

traps, while shallow-level traps’ effect on the device’s performance, and especially VOC, 

is negligible.[96] Some of the most-extensively investigated defects present in PSCs are 

interstitials, vacancies, and antisites.[97] However, the contribution of each type of these 

defects to the non-radiative recombination in PSCs remains unclear. 

Energy losses occurring at the interfaces in PSCs are one of the major channels of trap-

assisted recombination and thus have been extensively studied in recent years.[98-101] The 

possible reasons for recombination losses at interfaces can be defects in the perovskite 
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film (Figure 2.11a), bad energy alignment (Figure 2.11b), back-transferring of charge 

carriers at the interface (Figure 2.11c), and even energetic traps in the charge 

transporting layers (Figure 2.11d).[97] Even though Figure 2.11 depicts the case of a 

perovskite/ETL interface, the same processes apply to the perovskite/HTL interface. 

 

Figure 2.11. Recombination losses at perovskite/ETL interface (black arrows indicate 

recombination paths; grey arrows -  charge carriers back-transferring): a) deep level traps 

in the perovskite film, b) bad energy alignment and traps in the perovskite film, c) back 

transferring of charge carriers and d) traps in the ETL. Adapted from [97]. 

For a transporting layer, charge selectivity is of high importance, i.e. it has to be able to 

efficiently extract majority charge carriers while blocking minority charge carriers. This 

requires good energy alignment at the interface. For instance, it has been shown, that 

even a 200 mV barrier at the perovskite/ETL interface can block electron extraction.[102] 

It is also important that the layer introduce a minimal amount of defects and traps to the 
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solar cell, as they facilitate non-radiative recombination.[103-104] Thus, to reduce energy 

losses in PSCs, it is of crucial importance to implement charge transport materials with 

appropriate energy levels and low density of defects.  
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Chapter 3. Methodology 

3.1 Materials 

3.1.1 Hole-transporting layers 

Poly(3,4-ethylenedioxythiophene) polystyrene sulfonate (PEDOT:PSS) Clevios Al4083 

was purchased from Heraeus. CuSCN and MoO3 were purchased from Sigma-Aldrich.  

3.1.2 Electron-transporting layers 

Phen-NaDPO was purchased from 1-Materials Inc. AZO was purchased from Nanograde. 

Bathocuproine (BCP) and TPPO were purchased from Sigma-Aldrich. PFN-Br was 

purchased from Organtec. PC60BM was purchased from Solarmer Materials Inc. The 

chemical structures of Phen-NaDPO, BCP, TPPO, PFN-Br, and PC60BM are given in 

Figure 3.1.  

For work described in Chapter 4 Sn(SCN)2 was synthesized as described below.  

Synthesis of Sn(SCN)2: Sodium thiocyanate 10 g (0.012 mol) was dissolved in 40 mL of 

water. Tin (II) sulfate 6.62 g (0.031 mol) was also dissolved in water in a separate flask 

followed by slow addition of 1N sulfuric acid (7 mL) at room temperature and a resulting 

solution was transferred slowly to a previously prepared solution of sodium thiocyanate, 

flushed with argon for 5 min and placed in a fridge for 2 days. The resulting white 

crystals were filtered off and washed with a small amount (10 mL) of cold water and cold 

methanol (20 mL), dried at high vacuum overnight to yield Sn(SCN)2 as white crystals 

(2.5 g, 34.5%).[1] 
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3.1.3 Active layer materials 

The donor polymers PBDB-T-2F (PM6), PBDB-T-SF, and the acceptor small molecule 

IT-4F were purchased from 1-Materials Inc. The electron acceptors Y6 and PC70BM 

were purchased from Solarmer Materials Inc. The chemical structures of the photoactive 

materials are given in Figure 3.1.  

Methylammonium iodide and lead iodide powders were purchased from Great Cell and 

Tokyo Chemicals Industry, respectively.  

 

Figure 3.1. Chemical structures of the employed materials. 

3.2 Solar cell fabrication 

Solar cells were fabricated on ITO-patterned glass substrates from Kintec Company (10 

Ω sq-1, device area 0.1 cm2). The substrates were cleaned by sonicating 15 min in each of 

sequential baths with acetone and isopropanol, dried with pressurized nitrogen, and 

treated for 20 min by UV-ozone plasma. Fabrication of the cells was finalized by 

evaporating a 100 nm-thick layer of Al or Ag in a thermal evaporator under high vacuum 

(5×10-6 mbar).  
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3.2.1 Spin-coating 

There is a variety of options to choose from when it comes to the solution-processable 

deposition techniques: inkjet printing, spray-coating, gravure coating, slot-die coating, 

slide coating, dip coating, etc. Among them, spin-coating is one of the most commonly-

used for lab-scale device fabrication. The method utilizes rotational centrifugal force to 

form thin and uniform layers on flat substrates. The biggest disadvantage of spin-coating 

is the large amounts of the material wasted during deposition as it is dispersed beyond the 

substrate, making this method not very suitable for mass-production. However, the 

process is easy to set up and produces homogenous films with a relatively easy way to 

control thickness, making it good for testing concepts at the lab scale.  

Most of the layers in the fabricated solar cells, i.e. ETLs, HTLs, and active layers, were 

deposited via spin-coating technique. Figure 3.2 illustrates the simple mechanism of the 

spin-coating process.  

 

Figure 3.2. Spin-coating mechanism stages: (1) coating fluid is dropped onto the 

substrate, (2) stage starts to rotate spreading the solution over the entire substrate, and (3) 

solvents evaporate and a thin layer forms. 
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In the beginning certain amount of the coating solution is dropped at the center of the 

substrate. Then the stage starts rotating spreading the solution over the substrate surface 

as the centrifugal force is applied to it. At the final stage, the substrate spins at a constant 

rate and the solvents evaporate, resulting in a thin layer of the deposited solution.  

3.2.2 OSCs fabrication 

For BHJ OSCs PEDOT:PSS as purchased was spin-cast at 4000 rpm to achieve a 

thickness of ca. 30 nm. The layer was then baked at 140°C for 10 min and substrates 

were moved to the dry nitrogen glovebox (< 3 ppm O2), where the rest of the following 

steps took place.  

In Chapter 4 the solutions of PBDB-T-2F:IT-4F and PBDB-T-SF:IT-4F were prepared 

with the donor-to-acceptor ratio of 1:1 (wt/wt) in a chlorobenzene solvent with 0.5% 

(v/v) of the 1,8-diiodooctane additive and rigorously stirred at 100°C. The solutions at 

100°C were then spin-cast to achieve homogenous films of ca.100 nm. In the case of 

PBDB-T-2F:IT-4F, the layer was further thermally annealed at 100°C for 10 min. For 

ternary PBDBT-2F:Y6:PC70BM cells the active layer solution was prepared with the 

weight ratio 1:1:0.2 in chloroform with 0.5% (v/v) 1-chloronaphthalene. The solution was 

spin-cast to achieve a ca.140 nm-thick layer. The Phen-NaDPO solution was prepared at 

a concentration of 0.5 mg/mL in isopropanol. It was spin-cast at 2000 rpm. 0.25 mg/mL 

solution of Sn(SCN)2 in methanol was added to the Phen-NaDPO solution before spin-

casting in the various molar ratios. The solution mixture was cast at 2000 rpm. 

In Chapter 6(a) for MoO3/PC70BM bilayer cells, MoO3 was thermally evaporated under 

high vacuum (5×10-6 mbar) with the thickness of ca.16 nm. For the HTL CuSCN was 

dissolved in diethyl sulfide (DES) at a concentration of 25 mg/ml at left to stir at 60°C for 
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at least one hour, after which the solution was filtered. It was then spin-cast at 2500 rpm 

in the nitrogen atmosphere and thermally annealed at 110°C for 15 minutes. For bilayer 

cells, PC70BM was dissolved in chlorobenzene at a concentration of 20 mg/ml and spin-

cast at 2000 rpm to achieve a thickness of ca. 30 nm. For mixed cells, CuSCN (40 mg/ml 

in DES) and PC70BM (40 mg/ml in chlorobenzene) were mixed in various ratios five 

minutes prior to deposition and then spin-cast at 2000 rpm and thermally annealed at 

110°C for ten minutes. Afterward, a BCP layer with a thickness of 10 nm was thermally 

evaporated under high vacuum (5×10-6 mbar). 

In Chapter 6(b) CuSCN was dissolved in DES, water ammonia (NH3), ethanolamine 

(EA), and ethylenediamine (EDA) at concentrations of 25, 15, 20, and 25 mg/ml, 

respectively. The solutions were left to stir for at least 1 hour, after which they were 

filtered. The DES solution was spin-cast at 3000 rpm and thermally annealed at 110°C 

for 15 minutes. The NH3 solution was cooled down to room temperature prior to filtering, 

spin-cast at 2000 rpm, and thermally annealed at 110°C for 10 minutes. The EA solution 

was spin-cast at 6000 rpm for 180 seconds and thermally annealed with two steps (15 

minutes at 130°C and 5 minutes at 180°C). The EDA solution was spin-cast at 3000 rpm 

and thermally annealed at 120°C for 15 minutes. For the active layer PM6:Y6 solution 

was prepared in chloroform solvent with 0.5% (v/v) of the 1-chloronaphthalene additive 

with the donor-to-acceptor ratio of 1:1.2 (wt/wt) at a total concentration of 15.6 mg/ml 

and left to stir at 40°C. The active layer solution was spin-cast on top of the HTL at 2200 

rpm and thermally annealed at 100°C for 10 minutes. PFN-Br was dissolved in methanol 

at a concentration of 0.5 mg/ml and spin-cast at 2000 rpm on top of the active layer.  
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3.2.3 PSCs fabrication 

To prepare NiO solution 0.3 M nickel acetate tetrahydrate was dissolved in 0.3 M 

ethanolamine in 2-methoxyethanol. The solution was left to stir and then spin-cast in air 

onto the ITO-patterned substrates at 4000 rpm for 30 seconds. The layers were annealed 

at 300°C for 20 minutes. The substrates then were transferred to the dry nitrogen 

glovebox (<3 ppm O2), where the rest of the following steps took place. For the active 

layers, 1.1M of methylammonium iodide and lead iodide powders were mixed in nine 

parts of dimethylformamide and one part of dimethylsulfoxide. The solution was spin-

cast at 4000 rpm for 30 seconds, followed by the annealing step at 100℃ for 30 minutes. 

PC60BM was dissolved in chlorobenzene at a concentration of 20 mg/mL and deposited 

at 3500 rpm. In Chapter 4 ETLs were processed as described earlier in the OSCs 

fabrication. In Chapter 5 the as-purchased AZO was diluted in the mixture of butanols in 

the ratio of 1:6 and coated at 5000 rpm. TPPO was dissolved at various concentrations in 

ethanol and coated at 2000 rpm.  

3.3 Solar cells characterization 

3.3.1  J-V curve 

Testing of the fabricated solar cells took place in the glovebox with a Keithley 2400 

source-meter and an Oriel Sol3A Class AAA solar simulator calibrated to 1 sun, AM1.5 

G (Figure 3.3), with a KG-5 silicon reference cell certified by Newport.  
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Figure 3.3. Standard AM1.5 G spectrum.  

3.3.2 External and internal quantum efficiencies 

External quantum efficiency (EQE) is also called incident photon-to-electron conversion 

efficiency. The EQE measurement shows the percentage of the incident photons that are 

converted to the carriers collected at the electrodes under short circuit conditions. The 

EQE curve’s shape is highly dependent on the absorption characteristics of the materials 

used in the solar cell.  

EQE measurements in this work were conducted at zero bias by illuminating the solar 

cell with monochromatic light supplied from a xenon arc lamp in a combination with a 

dual-grating monochromator. The number of incident photons was calculated for each 

wavelength by using a silicon photodiode calibrated by NIST. The internal quantum 

efficiency (IQE) spectra were calculated from Equation 3.1, where the reflectance (R%) 

was collected with the integrating sphere and the parasitic absorption was obtained from 

transfer matrix modeling.  

                                             𝐼𝑄𝐸 =
𝐸𝑄𝐸

1 − 𝑅% − 𝑃𝑎𝑟𝑎𝑠𝑖𝑡𝑖𝑐 𝐴𝑏𝑠𝑜𝑟𝑝𝑡𝑖𝑜𝑛
                               (3.1) 
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3.3.3 Light-intensity dependent measurements 

Light-intensity dependent measurements, such as J-V, transient photovoltage (TPV), 

transient photocurrent (TPC), and charge extraction (CE) measurements were conducted 

with the help of PAIOS 3.2 (Fluxim) equipped with a white LED with 200 mW/cm2 

maximum light intensity, the spectrum of which is shown in Figure 3.4.  

 

Figure 3.4. Spectrum of white LED of PAIOS equipment. 

For the light intensity-dependent J-V measurement J-V characteristics of a solar cell are 

simply measured at a range of light intensities. Due to spectral mismatch, the light 

intensity of the white LED at which the cell gives the same JSC as when measured with 

the solar simulator, is considered to be 1 sun. The plots of JSC and VOC versus light 

intensity can provide useful information on bimolecular and trap-assisted recombination 

in a cell, respectively. 

The TPC measurement is based on detecting the current response of a solar cell to a light 

step at constant offset voltage. The cell is kept in darkness; then a long light pulse is 

applied giving time for a steady-state to be reached. The way the current rises and decays 



77 
 

can tell about charge trapping in a cell, imbalance of electron and hole mobilities, or 

doping.  The measurement is usually taken at various offset-voltage, offset-light, and 

light pulse intensities. The rise time in OSCs is commonly in the range 1-100 μs, while 

for PSCs it can take several seconds. The 200 μs light pulse was used and the intensity 

was varied between 9-200 mW/cm2.   

In TPV measurements a solar cell is held at various continuous light biases at conditions 

close to VOC. Then a small optical perturbation is applied so that the voltage perturbation 

is less than 3% of VOC. The voltage decay back to steady-state is recorded over time. In 

Chapters 4, 5, and 7 the TPV measurement was used to determine charge carrier lifetime. 

The photovoltage decay kinetics follow a mono-exponential decay: 𝛿𝑉 = 𝐴 exp (−
𝑡

𝜏
), 

where t is the time and τ is the charge carrier lifetime. The characteristic decay time was 

determined from a linear fit to a logarithmic plot of the voltage transient.  

The CE measurement is frequently used to measure charge carrier density at different 

light intensities. At the beginning of the measurement, a solar cell is kept in continuous 

light at VOC conditions, so all charges recombine and there is no current flowing in the 

device. Then the light is switched off and the voltage is set to 0 (or reverse voltage) at the 

same time, while the extracted current is recorded. The charge in this case is being 

extracted by the build-in field in the device. The extracted charge can be calculated by 

integrating the extraction current. The charge carrier density is then determined by the 

Equation 3.2: 

                                           𝜂𝐶𝐸 =  
1

𝑑𝑞
(∫ 𝑗(𝑡)𝑑𝑡 − (𝑉𝑎

𝑡𝑒

0

− 𝑉𝑒)𝐶𝑔𝑒𝑜𝑚) ,                              (3.2) 
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where d – device thickness, q – unit charge, te – extraction time, j(t)—transient current 

density, Va – voltage applied in the beginning, Ve – extraction voltage, Cgeom – 

geometrical capacitance. The extraction voltage was set to 0 and light intensity was 

varied between 2 and 200 mW/cm2. 

3.3.4 Electrochemical Impedance Spectroscopy and Capacitance-Voltage 

Solartron 1260A Impedance Analyzer was used to conduct electrochemical impedance 

spectroscopy (EIS) and Capacitance-Voltage (C-V) experiments. The measurements took 

place in darkness in the dry nitrogen glovebox (<3 ppm O2). For EIS 10 mA of ac 

sinusoidal signal with no dc bias was applied for the frequency range 10 Hz - 1 MHz. 

ZView software was used for the data modeling and fitting. 

3.3.5 Stability 

For PSCs stability measurements the cells were kept in a nitrogen environment on a 35°C 

platform and were continuously illuminated with a metal halide arc lamp at an intensity 

of 1 sun (calibrated to a KG-5 filtered reference cell). The spectrum of the lamp is shown 

in Figure 3.5. The J-V characteristics were taken every 10 minutes from +1.3 V to -0.1 V 

at 50 mV s-1. Between measurements, solar cells were held at open-circuit conditions.  

 

Figure 3.5. Spectrum of the lamp used for the stability tests. 
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3.3.6 Space-charge-limited current carrier mobility measurement  

The charge carrier mobilities solar cells were measured by fitting the dark currents for 

electron-only or hole-only diodes (Figure 3.6 a-b) to the space-charge-limited carrier 

(SCLC) model. In Chapter 4 the electron mobilities were measured for PBDB-T-2F:IT-

4F active layer BHJ OSCs. The device for this experiment was fabricated with the 

following architecture as shown in Figure 3.6a: glass/ITO/a-ZnO/PBDB-T-2F:IT-

4F/ETL/Al. The device was fabricated with the following recipe: first, the ITO-patterned 

glass substrates were treated as described beforehand in the solar cell fabrication part. To 

prepare amorphous ZnO (a-ZnO) solution, zinc acetate dehydrate (200 mg) was dissolved 

in 4 mL of 2-methoxyethanol and 55 μL of ethanolamine and left to stir overnight. Then 

it was filtered and spun-cast at 4000 rpm on pre-cleaned ITO substrates, followed by 

baking step at 150°C for 20 min. Then the substrates were moved to the dry nitrogen 

glovebox (<3 ppm O2) to deposit the active layer solutions of different thicknesses 

followed by the ETL and thermal evaporation of the metal as described before. The 

thicknesses of the active layers were measured with the help of a Tencor surface 

profilometer.  

 

Figure 3.6. Device configurations of the a) electron-only and b) hole-only diodes for 

the measurement of SCLC mobility.  
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The carrier mobilities were calculated by fitting the diodes’ data to the Murgatroyd 

expression (Equation 3.3) with the explanations given in Table 3.1.[62]  

                                   𝐽(𝑉) =
9

8
휀0휀𝑟𝜇0𝑒𝑥𝑝 (0.89𝛽√

𝑉 − 𝑉𝑏𝑖

𝐿
)

(𝑉 − 𝑉𝑏𝑖)
2

𝐿3
                        (3.3) 

Table 3.1. Explanations for the Equation 3.3. 

Definition Variable Units 

Dark current density J 2.43 Å 

Vacuum permittivity ε0 (88.54×10-12) 2.50 Å 

Dielectric constant εr (3.3 for organic layers) none 

Zero-field mobility μ0 cm2 V-1 s-1 

Field activation factor β cm0.5 V-0.5 

Voltage V V 

Film thickness L cm 

 

3.4 Optical, Microstructural, and Chemical Analysis 

3.4.1 Ultraviolet-visible absorption 

Steady-state absorption measurements were performed using an ultraviolet-visible-near 

infrared spectrometer Cary 5000 (Agilent Technologies). All measurements were 

performed using quartz substrates.  

3.4.2 Photoelectron spectroscopy in air  

The photoelectron spectroscopy in air (PESA) measurement was conducted using the 

Riken Keiki PESA spectrometer (Model AC-2). The samples were spin-cast on clean 

glass substrates.  
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3.4.3  X-Ray diffraction 

X-ray diffraction (XRD) data were acquired with a powder diffractometer (Bruker D8 

Advance X-ray) using the Cu-Ka radiation (k = 1.54071 Å).  

3.4.4 Atomic force microscopy 

Atomic force microscopy (AFM) experiments were conducted with a Dimension Icon 

atomic force microscope (Bruker) in a tapping mode. The Gwyddion and Origin software 

were used to analyze the raw AFM data.  

3.4.5 Solid-state nuclear magnetic resonance 

One-dimensional solid-state nuclear magnetic resonance (NMR) spectra were recorded 

on Bruker AVANCE III spectrometers operating at 400-600 MHz resonance frequencies 

for 1H utilized a 2.5 -4 mm double-resonance probe. Dry nitrogen gas was utilized for 

sample spinning to prevent degradation of the samples. 31P NMR chemical shifts are 

reported with respect to the external references Na2HPO4·2H2O (6.6 ppm). 

3.4.6 Dynamic nuclear polarization 

The experiments were conducted using a 263 GHz/400 MHz Avance III Bruker dynamic 

nuclear polarization (DNP) solid-state NMR spectrometer equipped with a 3.2 mm 

Bruker triple resonance low-temperature magic angle spinning probe. The measurements 

were taken at ca. 100 K with a 263 GHz gyrotron. The sweep coil of the main magnetic 

field was set for the microwave irradiation occurring at the 1H positive enhancement 

maximum of the TEKPol biradical.  

3.4.7 X-ray photoelectron spectroscopy 

The high-resolution X-ray photoelectron spectroscopy (XPS) measurements were carried 

out using a Kratos Axis Ultra DLD spectrometer equipped with a monochromatic Al Kα 
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X-ray source (hν = 1486.6 eV) operating at 150 W, a multi-channel plate and delay line 

detector under a vacuum of ~10-9 mbar. All spectra were recorded within the limits of 

spatial resolution. The high-resolution spectra were collected at fixed analyzer pass 

energy of 20 eV. Samples were mounted in floating mode to avoid differential charging. 

Charge neutralization was required for all samples. Binding energies were referenced to 

the C 1s peak of (C-C, C-H) bond which was set at 284.8 eV. The data were analyzed 

with commercially available software, CasaXPS. 

3.4.8 Ultraviolet photoemission spectroscopy 

The ultraviolet photoemission spectroscopy (UPS) experiments were conducted in a 

multi-probe chamber at ~10-9  mbar base pressure (Omicron) equipped with an ISE-5 cold 

cathode ion gun for ion sputter cleaning (Ar+).  The source was a non-attenuated He(1) 

discharge lamp (hν = 21.22 eV). The UPS spectra were recorded with a constant pass 

energy of 5 eV and a sweep rate of 0.01 eV/s. During the measurements, a bias of -9.77 

eV was applied to the sample. The analyzer Fermi level (EF) was determined using a 

clean evaporated gold sample. ITO substrates were cleaned as described earlier. PC60BM 

solution was spin-cast on the ITO-patterned substrates with a thickness of ca. 20 nm. The 

rest of the layers were deposited at the optimized conditions for the solar cells. The films 

were typically checked by XPS to identify the composition and attenuation of substrate 

core line peaks, then the VB/frontier orbitals were measured by UPS. The UPS data was 

analyzed with CASA XPS software.  
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3.4.9 Scanning electron microscopy 

The scanning electron microscopy (SEM) images were acquired with a Zeiss Auriga 

scanning electron microscope operated at 5 kV accelerating voltage with 30 μm beam 

aperture. 

3.4.10 Cross-sectional transmission electron microscopy 

For cross-sectional transmission electron microscopy (TEM) images in Chapter 6 firstly a 

thin TEM lamella was prepared with the help of a Ga focused ion beam in an SEM 

(Helios 400s, FEI) equipped with a nanomanipulator (Omniprobe, AutoProbe300). The 

carbon and platinum layers were deposited under electron and ion beams to protect the 

sample from the damage. The sample bulk was milled with the FIB at 30 kV and 21nA. 

The lamella was then extracted according to the lift-off method and attached to the TEM 

copper grid. It was thinned with the FIB at 30 kV and various decreasing currents in the 

range from 2.8 nA to 93 pA. To remove any possible contamination the lamella was 

cleaned with the FIB at lower voltages. The lamella was then imaged with the TEM 

(Titan 80-300, FEI) at the operating voltage of 300 kV.  

3.4.11 Dynamic secondary-ion mass spectrometry 

The measurement was conducted under ultra-high vacuum (10-9 torr) with the help of the 

dynamic secondary-ion mass spectrometry (D-SIMS) equipment from Hiden Analytical 

Company (Warrington-UK). 

3.4.12 Transfer-matrix simulations 

The simulations were conducted using the code developed by George F. Burkhard and 

Eric T. Hoke.[2] The variable angle spectroscopic ellipsometry for the n and k values was 

conducted using an M-2000 ellipsometer (J.A. Woolam Co., Inc).  
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3.5 Density functional theory calculations 

In Chapter 4 to elucidate the atomic-scale details of the interactions between Phen-

NaDPO and Sn(SCN)2 we performed Density Functional Theory (DFT) calculations with 

the code NWChem,[3]  

In Chapter 5 the calculations were performed with the Perdew-Wang (PW) generalized-

gradient approximation (GGA) exchange-correlation (xc) functional,[4] and projector-

augmented waves,[5] or ultra-soft pseudopotentials,[6] as implemented in the code 

Quantum Espresso.[7] Van der Waals interactions were included with the so-called DFT-

D2 scheme.[8] The energy cutoff for the plane-wave basis was set at 75 Rydberg and large 

supercell slabs were used to simulate the surfaces of Ag, AZO, and α-CsPbI3 with or 

without adsorbed molecules. Structures were rendered with the software VESTA.[9]  
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Chapter 4. 15.6% organic solar cells enabled by the hybrid Phen-

NaDPO:Sn(SCN)2 electron transporting layer  

The following content was published in the Advanced Functional Materials journal and 

used in this chapter with permission (Copyright 2019 WILEY-VCH Verlag GmbH & Co. 

KGaA, Weinheim).  

4.1 Introduction 

The recent developments in small molecule acceptors allowed the PCE of OSCs to 

exceed 16% for single-junction cells[1-4] and over 17% for tandem devices,[5] setting new 

benchmarks and attracting more interest to the field. As progress towards improving the 

absorption spectrum and carrier generation within the photoactive materials advances,[6-8] 

other device components start becoming equally critical. One such critical component is 

the carrier selective interlayers as they are responsible for charge transport and extraction. 

The interfacial layers are sandwiched between the anode and cathode electrodes and the 

photoactive layer, and their main function is to facilitate efficient charge extraction while 

minimizing carrier recombination.[9-13]  

In the so-called ‘normal’ or ‘conventional’ cell architecture, the transparent anode, often 

an ITO electrode, collects the photogenerated holes. Commonly used HTL include 

PEDOT:PSS[14-16] and CuSCN,[17-19]  which are deposited on top of the ITO electrode. 

From the cathode, a variety of materials have been used for the interfacial layer to 

transport electrons including alkali metal halides and oxides,[20-22]  organic small 

molecules,[23] conjugated[24] and non-conjugated[25] polymers. Organic small molecules 

are particularly attractive for use as ETL as they possess well-defined chemical structures 
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and they are easy to synthesize and process.[26] One of the prototypical organic ETL 

materials for OSCs is the small molecule BCP.[27-30]  Building on the BCP success, 

several other small molecules, such as bathophenanthroline,[31-32]  zwitterions,[33-35]  

pyridine derivatives[36-37] and a variety of self-assembled ionic liquids,[38] have been 

reported and shown to improve electron extraction in OSCs by providing suitable energy-

level matching with the active layer. Among them, Phen-NaDPO was shown to combine 

high electron mobility with good solubility in common solvents that are orthogonal to the 

organic active layer, enabling the development of OSCs with PCE of over 8.5 %.[39-40]  

Here, we report the development of an organic-inorganic hybrid electron extracting blend 

system based on Phen-NaDPO doped with the inorganic molecule Sn(SCN)2 and its 

application in high efficiency organic fullerene-free solar cells. Sn(SCN)2 is a wide 

bandgap inorganic molecular semiconductor the properties of which have been 

extensively studied by Wechwithayakhlung et al. only recently.[41] However, initial 

attempts to use it as a hole-extracting interlayer in PTB7:PC70BM-based OSCs have 

resulted in reduced PCE (4%) as compared to reference cells made with PEDOT:PSS 

(8%).[41] Here we show that adding a small amount of Sn(SCN)2 to Phen-NaDPO 

enhances its electron extracting characteristics while it improves the layer morphology. 

Solar cells utilizing the Phen-NaDPO: Sn(SCN)2 as the ETL exhibit substantially 

improved operating performance reaching a maximum PCE value of 15.6%, while 

constantly outperforms control cells made with pristine Phen-NaDPO. Extensive analysis 

of Sn(SCN)2, Phen-NaDPO, their blends and device characteristics, indicates the 

occurrence of chemical interaction between the two molecules and the formation of new 

complexes, which supress trap-assisted carrier recombination at the BHJ/ETL interface 
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through the formation of new energy states. Finally, the applicability of the hybrid ETL 

to perovskite solar cells is also demonstrated for which equally impressive performance 

enhancement is achieved.  

4.2 Results and Discussion 

4.2.1 Organic solar cell characterization and carrier recombination analysis  

Figure 4.1a shows the molecular structures of the donor polymer PBDB-T-2F (also 

known as PM-6),[42] Phen-NaDPO, and the non-fullerene acceptor (NFA) molecule IT-

4F[43] used for the binary BHJ. Cells were fabricated using the conventional architecture 

(Figure 4.1b) of ITO/PEDOT:PSS/PBDB-T-2F:IT-4F/ETL/Al, where the ETL 

composition was either pure Phen-NaDPO or a mixture of Phen-NaDPO and Sn(SCN)2 

with composition ranging between 1.25% to 10 mol% of Sn(SCN)2 (Table 4.1). The 

relevant energy levels of the various materials used in this study are summarized in 

Figure 4.1c. As seen from Table 4.1, the best condition is achieved at 5 mol% of 

Sn(SCN)2, while further increase of the Sn(SCN)2 content deteriorates all device 

parameters. In the following discussions pure Phen-NaDPO ETL will be designated as 

‘pure’ and the mixture of Phen-NaDPO with 5 mol% of Sn(SCN)2 – as ‘mixed’ ETLs.  
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Table 4.1. Summary of PBDB-T-2F:IT-4F cells optimization increasing content of 

Sn(SCN)2 in the ETL mixture.  

 

Sn(SCN)2 

(mol%) 

VOC 

(V) 

JSC 

(mA/cm2) 

FF 

(%) 
Avg.PCE (%) 

Max. 

PCE (%) 

0 0.85 19.7 73 12.2 12.6 

1.25 0.86 19.5 76 12.8 13.0 

2.5 0.86 19.5 76 12.9 13.0 

5 0.87 20.0 76 13.2 13.5 

7.5 0.86 19.7 74 13.0 13.1 

10 0.86 19.4 70 11.7 11.9 

 

 

Figure 4.1. (a) Chemical structures of PBDB-T-2F, IT-4F, and Phen-NaDPO. (b) 

Schematic of the conventional solar cells architecture employed. (c) Energy levels 

diagram of the materials used in the SC fabrication. The ionization potential and electron 

affinity values for Phen-NaDPO and Sn(SCN)2 were measured using UPS, while for the 
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rest of the materials via PESA. The WFs of electrodes were measured using a Kelvin 

probe under an inert atmosphere. (d) J-V characteristics measured under standard solar 

illumination. (e) EQE and IQE spectra of the ‘pure’ (red) and ‘mixed’ (blue) ETL-based 

cells. Inset in (d) shows images that show the change in the physical appearance of the 

Phen-NaDPO powder (pure) before and after the addition of Sn(SCN)2(5 mol%) (mixed).  

In Figure 4.1d we show the J-V characteristics measured under standard AM 1.5 solar 

irradiance for cells based on the pristine Phen-NaDPO (pure) and Phen-

NaDPO:Sn(SCN)2 (5 mol%) (mixed)  ETLs. The inset in this figure are images of the 

Sn(SCN)2, and Phen-NaDPO powder before (pure) and after the addition of 5 mol% of 

Sn(SCN)2 (mixed). The reference cell with PBDB-T-2F: IT-4F based on the ‘pure’ ETL 

exhibits a maximum PCE of 12.6% with a VOC of 0.85 V, a JSC of 19.7 mA/cm2, and a FF 

of 73% (Table 4.1). Admixing of just 5 mol% of Sn(SCN)2 with Phen-NaDPO yields 

device with increased VOC and FF of 0.87 V and 76%, respectively, resulting in a 

maximum PCE value of 13.5% (Table 4.1).  

The EQE and IQE spectra of the ‘pure’ and ‘mixed’ ETL-based BHJ solar cells are 

presented in Figure 4.1e. The integration of the measured EQE curves yields 

photocurrent values of 18.9 and 19.3 mA/cm2 for the ‘pure’ and ‘mixed’ ETL devices in 

good agreement with the JSC values obtained from the J-V analysis (Table 4.1). The EQE 

spectra of both devices are quite similar, with the ‘mixed’ ETL device exhibiting 1-2% 

gain across the 350-750 nm wavelengths region compared to the ‘pure’ ETL cell. The 

IQE spectra are almost identical in the range 450-650 nm, followed by higher IQE values 

for the ‘mixed’ ETL cell up to 800 nm reaching a maximum value of 98% as compared to 
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87% for the reference ‘pure’ ETL device. The all-around positive impact of the ‘mixed’ 

ETL on the cell’s performance is clearly illustrated in Figure 4.2 where the JSC, VOC, 

PCE, and FF for >35 cells are plotted. Cells based on ‘mixed’ ETL not only outperform 

the ‘pure’ ETL devices but also exhibit a characteristic narrowing in the spread of all 

critical parameters, further showcasing the effectiveness of the new hybrid ETL.  

 

Figure 4.2. Statistical distribution of key solar cell parameters based on Phen-NaDPO 

‘pure’ and Phen-NaDPO:Sn(SCN)2 (5 mol%) ‘mixed’ as the ETL. The data were 

obtained from at least 35 cells.  

To study the origin of the performance improvement of the ‘mixed’ ETL-based cells, we 

measured the J-V characteristics at various illumination intensities (Pin). The JSC and VOC 

dependence on Pin can provide useful information on the carrier recombination processes 
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within the devices. To this end, prior studies have demonstrated that for OSCs, the JSC 

usually follows the power-law:  

JSC ~ Pin
α      (4.1) 

were α is the power factor.[44-45] A linear dependence of JSC on Pin (α ≈ 1) indicates that 

most carriers are successfully extracted before recombining i.e. small or no bimolecular 

recombination losses. On the other hand when α<1 it indicates that a certain degree of 

bimolecular recombination exists.[44-45] As shown in Figure 4.3a, for both ‘mixed’ and 

‘pure’ ETL-based solar cells, an α value of 0.989 is obtained, indicating that the process 

of charge extraction is almost free of bimolecular recombination.  
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Figure 4.3. a) JSC and b) VOC as a function of light intensity of solar cells based on 

the ‘pure’ Phen-NaDPO and the ‘mixed’ Phen-NaDPO:Sn(SCN)2 as the ETL. c) Charge 

carrier lifetime (τ) obtained from TPV measurements, as a function of charge carrier 

density (n), calculated from CE measurements under VOC bias conditions for cells based 

on the two (i.e. pure and mixed) ETLs. (d) The EIS curves for the ‘pure’ (red) and 

‘mixed’ (blue) ETL-based solar cells. The inset in (d) represents the equivalent circuit 

used for the curves fitting. 

The dependence of VOC on Pin, on the other hand, provides insights into the degree of 

trap-assisted recombination in the cell. For example, a slope of VOC vs. ln(Pin) equal to 

𝑘𝑇 𝑞⁄  is indicative of trap-free charge transport in the device, while a slope approaching 

2 𝑘𝑇 𝑞⁄  reflects the existence of traps across the active layer and/or at the BHJ/electrode 

interface(s).[45-47]   From Figure 4.3b we extract a slope of 1.18 𝑘𝑇 𝑞⁄  for the ‘mixed’ 

ETL, and 1.37 𝑘𝑇 𝑞⁄  for the ‘pure’ ETL-based OSCs. These results suggests that the 

lower VOC and FF in the ‘pure’ ETL cell most likely originates from trap-induced 

recombination, while for ‘mixed’ ETL cell this particular loss mechanism is considerably 

suppressed. Since the composition and microstructure of the BHJ layer in both type of 

cells is identical, we conclude that the difference in the slopes exclusively originates from 

different trap concentration present within the ETL and/or at the BHJ/ETLs interface.  

The recombination mechanism(s) in these cells was investigated further using the TPV 

and CE techniques. The use of TPV and CE allows the calculation of the charge carrier 

lifetime (τ) and the charge carrier density (n), respectively. The relation between these 

two parameters is given by  
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                                                                   𝜏 = 𝜏0 (
𝑛0

𝑛
)

𝜆

,                                                            (4.2) 

where 𝜏0 and 𝑛0 are constants.[48] Using Equation 4.2, the recombination exponent λ is 

calculated. Figure 4.3c shows this relation for both ‘pure’ and ‘mixed’ ETL cells. We 

find that under standard AM 1.5 illumination the carrier lifetime τ is improved from 3.1 

to 3.5 μs upon addition of 5 mol% of Sn(SCN)2 in Phen-NaDPO. Meanwhile, the charge 

carrier density n remains similar for both ETL devices with the corresponding values of 

5.81×1016 and 5.85×1016 cm-3, respectively, both in good agreement with the measured 

JSC. The recombination order (λ+1) was estimated from Figure 3c to be 2.46 and 2.51 for 

the ‘mixed’ and ‘pure’ ETL cells, respectively. It is known that when λ+1= 2, the charges 

within the device recombine via a bimolecular process under open-circuit conditions.[49] 

The values obtained in our case (λ+1 > 2) can be explained by the trapping and release 

processes in both energetic as well as morphology-related traps.[49] However, the lower 

λ+1 for the ‘mixed’ ETL device, corroborates that the addition of Sn(SCN)2 reduces the 

trapping effect and increases the FF.  

The effect of adding Sn(SCN)2 in Phen-NaDPO ETL, was further studied using EIS 

measurements (Figure 4.3d). Here the symbols represent the measured data whilst the 

solid lines are fittings calculated using the equivalent circuit on the inset, which has 

previously been shown to best represent OPV devices.[50-51] It has been reported that 

impedance response of the solar cell at low frequencies is related to Rrec, and at high 

frequencies – to Rt. Here Rt is the resistance in the device associated with the charge 

extraction at the electrodes, while Rrec – with the recombination processes in the bulk.[51] 

As shown in Table 4.2, Rrec for both ‘mixed’ and ‘pure’ devices are similar (27 and 36 Ω, 
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respectively), which is not surprising as the utilized photoactive layer is the same. 

However, as expected, there is a striking difference in Rt values: 364 Ω for the ‘pure’ 

ETL and 231 Ω for the ‘mixed’ ETL cells. These results provide further direct evidence 

that admixing 5 mol% Sn(SCN)2 to Phen-NaDPO improves charge transport/extraction 

within the ETL and at the BHJ/ETL interface while reducing contact resistance.  

Table 4.2. Summary of results obtained from fitting the EIS curves on Figure 4.3d to the 

equivalent circuit shown on the same figure.  

ETL 
Parameters 

(units) 

Values of 

the 

parameters 

Errors 

(%) 

pure 

C
g
 (F) 2.27 × 10

-9
 0.17 

R
s
 (Ω) 20.00 4.07 

R
t
 (Ω) 364.20 0.13 

R
rec

 (Ω) 27.18 6.87 

P
1
 (F) 1.08 × 10

-9
 1.30 

n
1
 (-) 0.90 0.11 

mixed 

C
g
 (F) 2.40 × 10

-9
 0.74 

R
s
 (Ω) 20.00 1.65 

R
t
 (Ω) 231.17 0.15 

R
rec

 (Ω) 36.67 5.88 

P
1
 (F) 1.17 × 10

-9
 5.37 

n
1
 (-) 0.90 0.44 
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Additional information on the trapping/de-trapping process and its effect on the charge 

transport was gathered using the TPC.[52-55]  Here the cell is excited by a square-shaped 

light pulse with varying intensity long enough for the current density to reach a steady 

state. The time taken for the device to reach a steady state provides insights about the 

turn-on and turn-off dynamics, while the dependence of the photocurrent on the light 

intensity is indicative of the trapping/de-trapping of charge carriers.[56] Figure 4.4a-b 

illustrates the current response of optimized ‘pure’ and ‘mixed’ ETL cells upon excitation 

with a white light pulse of varying intensity. For both ETLs, the turn-on and turn-off 

dynamics are fast, and varying light intensity results in negligible changes in the current 

response. However, a closer analysis of the curves, shown as insets in Figure 4.4a-b, 

reveals significant differences. Specifically, the rise/fall time (defined as the time taken to 

rise from 10 to 90% of the maximum current amplitude), is slightly reduced from 1.5 μs 

for the ‘pure’ reference to 1.1 μs for the ‘mixed’ cell. Interestingly, the shape of the 

response traces for the ‘mixed’ ETL-based cell remains independent of the light intensity 

(inset in Figure 4.4b), which indicates that the turn-on dynamics is mostly governed by 

the carrier (electrons) mobility with trapping/de-trapping not playing any role.[56] 

However, this is not the case for the ‘pure’ ETL-based cell where a certain degree of 

turn-on overshoot is observed, particularly at higher light intensities (inset in Figure 

4.4a). Similar features in TPC traces have been previously attributed to charge trapping 

(particularly electrons), which leads to the redistribution of the internal electric field. 

Thus, on the basis of the EIS and TPC results, we conclude that the addition of 5 mol% 

Sn(SCN)2 in Phen-NaDPO enables trap-free electron transport across the hybrid ETL, 

with an overall positive impact on the performance of the OSC (Figure 4.2).  
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Figure 4.4. Normalized transient short-circuit current in response to a 200 μs white 

light (LED) pulse for ‘pure’ (a), and ‘mixed’ (b) ETL-based solar cells. The insets in (a) 

and (b) show the magnified parts of the turn-on dynamics of the respective traces.  

Lastly, we studied the difference of the electron transport properties on ‘pure’ Phen-

NaDPO and ‘mixed’ Phen-NaDPO:Sn(SCN)2(5 mol%) ETLs, by measuring the electron 

mobility in electron-only diodes comprised of ITO/a-ZnO/PBDB-T-2F:IT-4F/ETL/Al 

using the SCLC model.[57] The diodes were fabricated using the optimized ‘pure’ and 

‘mixed’ ETLs that were employed in best-performing OSCs and combined with BHJ 

layers of varying thickness. Figure 4.5 shows the J-V curves for two sets of three diodes, 

each based on BHJ layers of different thicknesses. The extracted values from the electron 

mobility calculations are summarized in Table 4.3. The apparent electron mobility in 

diodes based on the ‘mixed’ ETL is approximately 33% higher (1×10-3 cm2 V-1s-1) as 

compared to the reference ‘pure’ ETL-based diodes (7.5×10-4 cm2 V-1s-1). These results 

are in line with the conclusions drawn from the aforementioned studies supporting our 

hypothesis that the ‘mixed’ ETL improves electron transport and extraction across the 

ETL and/or the BHJ/ETL interface.  
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Figure 4.5. J-V characteristics measured in dark for electron-only diodes based on the 

same BHJ with different thicknesses utilizing: (a) Phen-NaDPO ‘pure’, and (b) Phen-

NaDPO:Sn(SCN)2 ‘mixed’ as the ETL.  

Table 4.3. Electron mobility values calculated from Figure 5 via the SCLC analysis.  

ETL 
Active layer thickness 

(nm) 
μ0,e (cm2 V-2 s-1) 

pure 

135 (7.4±0.3) × 10-4 

123 (7.7±0.3) × 10-4 

115 (7.3±0.3) × 10-4 

mixed 

135 (1.1±0.1) × 10-3 

129 (9.8±0.6) × 10-4 

120 (9.3±0.5) × 10-4 

 

4.2.2 Optical, Microstructural and Chemical Analysis of Phen-NaDPO:Sn(SCN)2  

To understand how Sn(SCN)2 affects the electron transport in Phen-NaDPO, we studied 

the physical properties of the different ETLs using a complementary range of 
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characterization techniques. Figure 4.6a shows the absorption spectra of the neat Phen-

NaDPO and Sn(SCN)2 films, and their mixtures. The pristine ‘pure’ Phen-NaDPO layer 

exhibits high transparency throughout the visible range from 440 to 800 nm with two 

distinct absorption peaks at 267 and 328 nm. The neat Sn(SCN)2 layer appears to absorb 

only slightly throughout the visible region from 400 to 800 nm, an effect most likely 

attributed to scattering, with strong absorption features in the deep-UV range (250-350 

nm). Figure 4.6b shows the normalized absorption spectra for the pristine Phen-NaDPO 

(pure) and Phen-NaDPO doped with 2.5 and 5 mol% Sn(SCN)2 normalized to the 

absorption peak of Phen-NaDPO at 267 nm. As the Sn(SCN)2 concentration increases, a 

new broad absorption band in the range 450-750 nm, appears. The latter feature is also 

visible in Figure 4.6a for Phen-NaDPO:Sn(SCN)2 (10 mol%) layers and cannot be 

attributed to Sn(SCN)2. This feature is most likely responsible for the change in the 

physical appearance of the Phen-NaDPO powder from white to yellow shown in the inset 

of Figure 4.1d. The yellow precipitant was also observed and reported elsewhere.[58] 

When the content of Sn(SCN)2 is increased to 10 mol%, all absorption peaks associated 

with Phen-NaDPO disappear, with the resulting spectrum resembling more that of 

Sn(SCN)2 but with the broad new band still present.  
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Figure 4.6. (a) UV-Vis absorption spectra of the pure Phen-NaDPO and Sn(SCN)2 

films and their mixed layers. (b) Normalized absorption spectra of pristine Phen-NaDPO 

(pure), and mixed (2.5 and 5 mol%) layers with Sn(SCN)2.  

Powder XRD of Phen-NaDPO, Sn(SCN)2, and the Phen-NaDPO:Sn(SCN)2 mixture (95:5 

molar ratio) are presented in Figure 4.7. For pristine Phen-NaDPO, strong diffraction 

peaks at 21.8°, 22.5°, 24.5°, 26.3°, and 38.4°, are observed. For pristine Sn(SCN)2, peaks 

at 21.2°, 23.7°, 28.4° and 30.3°, are recorded in agreement with previous reports.[41] 

Interestingly, the mixed layer shows no major diffraction peaks, with some minor peaks 

at 22.5° and 26.4° reminiscent of the Phen-NaDPO. We thus conclude that ETL layers 

based on the Phen-NaDPO:Sn(SCN)2 mixture (95:5 mol ratio) are primarily amorphous.  
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Figure 4.7. XRD spectra of the pure Phen-NaDPO, Sn(SCN)2, and the 95:5 (Phen-

NaDPO:Sn(SCN)2) mixed powders. The inset (bottom blue trace) shows the magnified 

peaks of the mixed powder spectrum highlighting diffraction peaks associated with Phen-

NaDPO.  

The impact of Sn(SCN)2 addition on the layer morphology of the blend ETL layer was 

studied using AFM. Figure 4.8a displays the surface topography data of the BHJ layer 

comprised of PBDB-T-2F:IT-4F deposited onto glass/ITO/PEDOT:PSS electrodes. The 

same stack but with the ‘pure’ Phen-NaDPO (Figure 4.8b) and ‘mixed’ Phen-

NaDPO:Sn(SCN)2 (Figure 4.8c) ETLs, deposited atop the BHJ. Figure 4.8d represents 

the surface height histograms extracted from the AFM images. The surface of the BHJ 

before the ETL deposition is very smooth with the low surface root mean squared (rms) 

roughness of 1.5 nm.  
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Figure 4.8. AFM topography images of (a) ITO/PEFOT:PSS/PBDB-T-2F:IT-4F 

(BHJ), (b) ITO/PEDOT:PSS/PBDB-T-2F:IT-4F/Phen-NaDPO ETL (pure), and (c) 

ITO/PEDOT:PSS/ PBDB-T-2F:IT-4F/Phen-NaDPO:Sn(SCN)2 ETL (mixed). The scale 

bar in the AFM images is 500 nm, with the z-value denoting the maximum height. (d) 

Height histograms extracted from the AFM data on (a-c).  

The surface of the ‘pure’ Phen-NaDPO layer exhibits a trimodal height distribution with 

a surface rms = 4.5 nm: the large spherical particles with the peak at ≈20.8 nm, the 

smaller particles with the peak at ≈9.2 nm, and the flat regions. For the ‘mixed’ Phen-

NaDPO:Sn(SCN)2 ETL the second peak (≈20.8 nm) in the height histogram is 

eliminated, and the particles appear smaller and more homogeneously distributed on the 

surface with a single dominant peak at ≈8.8 nm. As a result, the rms of the surface 

roughness for the ‘mixed’ ETL is reduced to 3 nm. It is thus clear that admixing 

Sn(SCN)2 with Phen-NaDPO changes the morphology of the resulting ETL by reducing 

the size of the formed particles while making their distribution more homogeneous. 

These noticeable morphological changes may be, at least partly, responsible for the 

reduced impact of trap-induced recombination measured for BHJ cells based on the 

‘mixed’ ETL, an effect shown to originate from the ETL and/or the BHJ/ETL interface.  
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We performed high-resolution solid-state NMR to analyze both the pure Phen-NaDPO 

and best-performing Phen-NaDPO:Sn(SCN)2 mixture (95:5 mol%), to determine whether 

the materials undergo any chemical interaction. As shown in Figure 4.9a, the 31P NMR 

spectrum of the pristine Phen-NaDPO powder shows a sharp peak at 14.5 ppm, indicating 

the free dynamic nature of the Phen-NaDPO molecule. In the case of the mixed powder, 

the same peak exhibits a high-frequency shift to 25 ppm and a characteristic broadening. 

The latter observation suggests constrained motion of the Phen-NaDPO molecule upon 

mixing with Sn(SCN)2, hence pointing to either a charge transfer between Phen-NaDPO 

and Sn(SCN)2 or the creation of a new chemical bond in the vicinity of the phosphorous 

atom.  

We also performed 15N solid-state NMR but the low sensitivity of conventional NMR 

necessitates the synthesis of a 15N-labeling sample for efficient NMR signal detection. To 

this end, the recently introduced DNP approach offers high sensitivity while substantially 

reducing the experimental time without the need for isotopically enhanced samples. For 

this study, DNP measurements were acquired at 100 K using TEKPol (stable radical) as 

the polarizing agent and 1,1,2,2-tetrachloroethane as a solvent. The 15N cross polarization 

(CP)-MAS DNP spectrum of the pristine Phen-NaDPO powder shows one peak at 303 

ppm characteristic of N=C as reported in Figure 4.9b. However, upon mixing with 

Sn(SCN)2  two additional peaks appear, one at 213 ppm and another at 193 ppm 

indicating that a new chemical environment of nitrogen atoms exists after mixing. We 

assign these to a new chemical bond between Phen-NaDPO and Sn(SCN)2. The DNP 

measurements confirm the nitrogen interaction of Phen-NaDPO with Sn(SCN)2, which is 

in good alignment with the XPS data and DFT calculations that will be discussed later.  
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Figure 4.9. (a) Solid-state NMR spectra of 31P, and (b) dynamic nuclear polarization 

(DNP) spectra of 15N. c) XPS spectra of P 2p core level, and d) XPS spectra of N 1s of 

the pristine Phen-NaDPO (pure) and the Phen-NaDPO:Sn(SCN)2 (95:5 molar ratio) 

mixture (mixed).  

Aiming to deepen our understanding of the chemical interaction(s) between Phen-NaDPO 

and Sn(SCN)2 upon physical mixing, we performed high-resolution XPS. The spectra of 
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the P 2p core level for the pure Phen-NaDPO and the mixture Phen-NaDPO:Sn(SCN)2 

samples are shown in Figure 4.9c. The P 2p core-level spectra show two peaks at 132.1 

eV and 132.9 eV corresponding to a doublet P 2p3/2 and P 2p1/2, respectively, along with 

a broad peak with a low signal around ≈138 eV. The P 2p3/2 core level is attributed to 

phosphorous from Phen-NaDPO[39], while the signal around ≈138 eV is assigned to 

oxidized P species. No significant changes were observed from both P 2p spectra upon 

admixing Sn(SCN)2 indicating negligible interaction involving the P atom in Phen-

NaDPO with Sn(SCN)2.  

We also performed high-resolution XPS measurements of the N 1s core level for the 

pristine powders and their mixture (Figure 4.9d). The spectrum for Phen-NaDPO was 

fitted with two components located at 398.8, and 401.0 eV, attributed to pyridinic 

nitrogen and N-O species. The N 1s core level from Sn(SCN)2 was fitted with a single 

component located at 398.6 eV attributed to nitrogen from the thiocyanate unit. As 

expected, N 1s core level from Phen-NaDPO:Sn(SCN)2 exhibit two additional 

components located at 397.3, and 400.0 eV compared to Phen-NaDPO, attributed to 

newly formed Sn-N bond[59] and amine species originating from the formation of 

isothiocyanic acid, HNCS, upon retention of N-bridged thiocyanate in ethanol 

solution[58], respectively. The broad structure around ≈406 eV for all spectra is attributed 

to oxidized nitrogen species[60]. Thus, both XPS and DNP measurements confirm the 

possible interaction between the Sn(SCN)2 and Phen-NaDPO via the nitrogen atoms of 

the latter. However, while the solid-state NMR spectrum of the phosphorous atom of the 

pure Phen-NaDPO exhibits certain changes upon mixing with Sn(SCN)2, this type of 

interaction has not been detected with XPS. To have a better understanding of the 
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possible interactions between the two materials, we performed DFT calculations and will 

be discussed next.  

4.2.3 DFT calculations  

To elucidate the atomic-scale details of the interactions between Phen-NaDPO and 

Sn(SCN)2 we performed DFT calculations with the code NWChem,[61] the B3LYP 

exchange-correlation functional[62-63], and the DZVP orbital basis.[64] Figure 4.10 depicts 

the HOMO and LUMO for a Phen-NaDPO molecule. The calculated energies are -6.26 

eV for the HOMO and -2.10 eV for the LUMO. The corresponding DZVP HOMO 

(LUMO) energies for PBDB-T-2F and IT-4F are -5.43 eV and -5.90 eV (-2.73 eV and -

3.84 eV), respectively. These HOMO values are in very good agreement with the 

experimental data on ionization potentials, while the calculated LUMO energies 

underestimate the electron affinities, as is typical in DFT studies.  
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Figure 4.10. Structure (top), HOMO, and LUMO of a Phen-NaDPO molecule (C: 

gray, H: white, N: blue, P: orange, O: red spheres). DZVP results are shown for the 

HOMO and LUMO energies. The corresponding EHOMO/ELUMO values with the 6-31g* 

and 6-311g* basis are, respectively, -5.97 eV/-1.76 eV and -6.22 eV/-2.00 eV.  

EHOMO = -6.26 eV

ELUMO = -2.10 eV
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Figure 4.11. Structure of complexes of a Phen-NaDPO molecule with (a)-(c) a 

Sn(SCN)2 group and (d) with two Sn(SCN)2 group with Sn-S linkage. (e)-(f) with a 

Sn(SCN)2 group with Sn-N linkage (C: gray, H: white, P: orange, O: red, N: blue, S: 

yellow, Sn: dark green spheres). DZVP results for molecular energies E (referenced to 

the lowest E value) and EHOMO, ELUMO are also shown.  

Since the beneficial effects of mixing Sn(SCN)2 with Phen-NaDPO are obtained only at 

low Sn(SCN)2 concentrations, we focused our DFT investigations on the interactions 

between the latter with individual Sn(SCN)2 chemical units. Figure 4.11 shows several 

configurations that are obtained when one or two such units interact with a Phen-NaDPO 

molecule. A single Sn(SCN)2 molecule can be attached through its Sn atom either to the 
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P through the O atom or to the N sites of Phen-NaDPO. Configurations with the Sn-S 

bonds in the adsorbed Sn(SCN)2 units (Figure 4.11a-d) tend to be less stable than the 

ones with Sn-N linkage (Figure 4.11e-f), but the relatively small energy differences (in 

the range of 0.2-0.6 eV) suggest that all these structures are materialized in the 

experiments and most likely co-exist. Notably, attachment at the O atom as in Figure 

4.11e leads to a calculated 31P chemical shift of 37 ppm (Table 4.4), which is consistent 

with the pertinent 31P chemical shift measured by solid-state NMR for the mixed Phen-

NaDPO:Sn(SCN)2 structure. Likewise, the DFT configurations with attachment of 

Sn(SCN)2 to the N sites of Phen-NaDPO are consistent with both the DNP and XPS N 1s 

experimental data, which clearly show that a reaction occurs in this area of the Phen-

NaDPO molecule upon mixing with Sn(SCN)2. 

Based on the above, the DFT calculations establish that Sn(SCN)2 interacts with Phen-

NaDPO at the O and N sites. As reported in Figure 4.11, the result of these interactions is 

the drastic lowering of the Phen-NaDPO LUMO values by as much as 1.25 eV (for the 

configuration shown in Figure 4.11c), as compared to the LUMO energy of the pristine 

Phen-NaDPO molecule. This lowering brings the LUMO level in the hole blocking layer 

much closer to the LUMO level of IT-4F (and lower than that of PBDB-T-2F), but also 

the work function of the Al electrode. In this way, electron extraction from IT-4F to the 

Al side is greatly enhanced compared to what can be expected for the pristine Phen-

NaDPO with its high-lying LUMO. Also, these low LUMO levels for the Phen-

NaDPO:Sn(SCN)2  mixture make it easier for any electrons confined in the active layer 

or at its interface with the ETL to be transferred to the Al electrode. Finally, we should 

note that the stable DFT configurations comprising Phen-NaDPO and Sn(SCN)2 are, in 
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principle, consistent with the observed morphological modifications of the ETL upon 

mixing with Sn(SCN)2, even though the quantitative details of these large-scale 

modifications are beyond the scope of a DFT study.  

Table 4.4. Calculated (δcalc) 
31P chemical shifts (referenced to H3PO4) based on DFT 

calculations with the B3LYP xc-functional and the DZVP basis.  

Compound δcalc (ppm) 

Phen-NaDPO 18.5 

Phen-NaDPO:Sn(SCN)2 Figure 4.11a 47.8 

Phen-NaDPO:Sn(SCN)2 Figure 4.11b 19.2 

Phen-NaDPO:Sn(SCN)2 Figure 4.11c 20.7 

Phen-NaDPO:Sn(SCN)2 Figure 4.11d 53.7 

Phen-NaDPO:Sn(SCN)2 Figure 4.11e 37.4 

Phen-NaDPO:Sn(SCN)2 Figure 4.11f 19.0 

 

4.2.4 Application of Phen-NaDPO:Sn(SCN)2 ETL to other solar cells 

To demonstrate the wider applicability of the hybrid Phen-NaDPO:Sn(SCN)2 ETL, we 

combined it with another promising BHJ system comprised of the donor polymer PBDB-

T-SF[43] (inset, Figure 4.12b) and the small molecule NFA IT-4F (Figure 4.1a). The 

solar cells were fabricated in the normal configuration consisting of 

ITO/PEDOT:PSS/PBDB-T-SF:IT-4F/ETL/Al (Figure 4.12a). We emphasize here that 

unlike the PBDB-T-2F:IT-4F system discussed previously, the PBDB-T-SF:IT-4F BHJ 

does not require any annealing following solution deposition. Without performing any 
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extensive optimization of the ‘mixed’ ETL for this particular BHJ system, we still 

managed to increase the cell’s PCE from an average value of 11% for the ‘pure’ Phen-

NaDPO-based cell, to an average/maximum values of 11.4/11.6% for the hybrid Phen-

NaDPO:Sn(SCN)2 ETL-based OSCs (Figure 4.12b and Table 4.5).  

 

Figure 4.12. (a) Schematic of the standard cell architecture employed. (b) J-V 

characteristics of PBDB-T-SF:IT-4F solar cells employing the Phen-NaDPO ‘pure’ and 

Phen-NaDPO:Sn(SCN)2 ‘mixed’ ETLs.  

Table 4.5. Operating parameters of PBDB-T-SF:IT-4F organic solar cells based on Phen-

NaDPO ‘pure’ and Phen-NaDPO:Sn(SCN)2 ‘mixed’ as the ETLs.  

ETL 
VOC 

(V) 

JSC 

(mA/cm2) 

FF 

(%) 

Average 

PCE (%) 

Maximum 

PCE (%) 

pure 0.89 ± 0.00 18.8 ± 0.2 66 ± 1 11.0 ±0.2 11.2 

mixed 0.90 ± 0.00 19.0 ± 0.2 67 ± 1 11.4 ± 0.2 11.6 
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More impressive improvements were achieved using a ternary BHJ system based on the 

mixture of PBDB-T-SF:Y6:PC70BM. The structure of the Y6[65] NFA is shown in the 

inset of Figure 4.13a while the schematic of the cell architecture in Figure 4.13a. As 

summarized in Table 4.6, ternary OSCs based on the Phen-NaDPO:Sn(SCN)2 ETL 

results in both higher VOC and FF, thus increasing the PCE from 14.2% to a champion 

value of 15.6%.  

 

Figure 4.13. (a) J-V characteristics of PBDB-T-SF:Y6:PC70BM ternary OSCs. (b) J-

V characteristics of CH3NH3PbI3 solar cells with the ‘pure’ and ‘mixed’ ETL measured 

under standard solar illumination in forward and reverse sweeps.  

Table 4.6. Summary of the operating parameters of the ternary PBDB-T-SF:Y6:PC70BM 

OSCs with the ‘pure’ and ‘mixed’ ETLs.  

ETL 
VOC 

(V) 

JSC 

(mA/cm2) 

FF 

(%) 

Average 

PCE (%) 

Maximum 

PCE (%) 

pure 0.83 25.6 67 13.9 14.2 

mixed 0.85 26.2 70 15.3 15.6 
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Finally, the hybrid Phen-NaDPO:Sn(SCN)2 ETL was tested for organometal halide 

perovskite photovoltaic cells. The cell was fabricated in a p-i-n configuration 

ITO/NiO/CH3NH3PbI3/PC60BM/ETL/Ag as shown in the inset of Figure 4.13b and the J-

V characteristics are given in Figure 4.13b. As summarized in Table 4.7, admixing 

Sn(SCN)2 improves all device parameters, resulting in PCE of 18.2% in comparison to 

16.6% for the pure Phen-NaDPO ETL cell.  

Table 4.7. Operating parameters of CH3NH3PbI3 perovskite solar cells based on Phen-

NaDPO ‘pure’ and Phen-NaDPO:Sn(SCN)2 ‘mixed’ as the ETLs.  

ETL 
VOC 

(V) 

JSC 

(mA/cm2) 

FF 

(%) 

Avg. PCE 

(%) 

Max. PCE 

(%) 

pure (reverse) 1.06 ± 0.00 21.4 ± 0.2 72 ± 1 16.2 ±0.3 16.5 

pure (forward) 1.05 ± 0.01 21.3 ± 0.1 74 ± 1 16.3 ± 0.3 16.6 

mixed (reverse) 1.08 ± 0.00 22.6 ± 0.3 75 ± 1 18.0 ±0.2 18.2 

mixed (forward) 1.08 ± 0.00 22.5 ± 0.2 75 ± 1 17.9 ±0.3 18.2 

 

Based on these results it becomes clear that the hybrid Phen-NaDPO:Sn(SCN)2 ETL can 

indeed be successfully applied in binary and ternary OPVs as well as hybrid perovskite 

solar cells and consistently deliver significant efficiency improvements.  

4.3  Conclusion 

To conclude, we developed a new hybrid electron transporting layer composed of the 

small molecule Phen-NaDPO and the inorganic molecule Sn(SCN)2. Application of this 

hybrid ETL to binary BHJ OSCs was shown to significantly and consistently increase the 

FF and VOC culminating in a maximum PCE of 13.5%. Importantly, the latter value is 

significantly higher than the maximum PCE of 12.6% measured for control cells based on 
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pristine Phen-NaDPO as the ETL. Combining the hybrid ETL with best-in-class ternary 

organic BHJ systems and organometal halide perovskite active layers lead to similarly 

impressive PCE enhancements leading to maximum values of 15.6% and 18.2%, 

respectively. Importantly, and irrespective of the photo-active layer, the hybrid ETL 

offers an all-around performance improvement, which was manifested as a significant 

narrowing in the cells’ parameters spread. This remarkable level of improvement was 

attributed to the reduction of trap-assisted recombination across the photo-active/ETL 

interface due to the formation of new energy levels in ETL upon chemical interaction 

between Sn(SCN)2 and Phen-NaDPO. Experimental evidences of these interactions were 

provided by NMR and XPS measurements and corroborated by DFT-calculations.  
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Chapter 5. A multi-layered electron extracting system for efficient 

perovskite solar cells 

The following content was published in the Advanced Functional Materials journal and 

used in this chapter with permission (Copyright 2020 Wiley-VCH GmbH).  

5.1 Introduction 

Until recently most of the high-efficiency PSCs have been reported utilizing the ‘n-i-pʼ 

architecture, where SnO2 or TiO2 and spiro-OMeTAD are commonly used as the electron 

and hole transport materials, respectively.[1-4] However, the intrinsic drawbacks of this 

device design, such as inefficient charge carrier extraction due to large conduction band 

offset between TiO2 and perovskite,[5] as well as photo-catalytic behavior of TiO2,
[6] the 

hygroscopic nature of the dopants (Li- and Co- salts)[7] combined with thermal instability 

of spiro-OMeTAD,[8] lead the scientific community to use the more stable and easier to 

scale up p-i-n architecture. This so-called ‘invertedʼ structure was originally introduced in 

2013,[9] with a perovskite active layer sandwiched between PEDOT:PSS and PC60BM 

films employed as the hole and electron transport layers, respectively.  

Large effort has been directed towards higher-performance materials for use in this 

inverted structure: for instance, it has been demonstrated that replacing the acidic and 

hygroscopic PEDOT:PSS with NiOx,
[10] PTAA[11], poly-TPD[12], and several self-

assembling monolayers[13] can deliver solar cells superior in both performance and 

stability. However, while PCBM-based PSCs tend to exhibit hysteresis-free behavior, the 

difference between the EF of PCBM and the WF of the Ag electrode leads to the 

formation of a Schottky barrier at the interface.[14] This barrier causes photogenerated 
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charge carrier accumulation at the ETL/Ag interface resulting in high series resistance 

(Rs) and thus low device performance. A variety of organic and inorganic materials have 

been used to tackle the issue of energy level mismatch, e.g. BCP,[15] polyelectrolytes 

(PFN and PN4N),[16-17] polyethyleneimine,[18] Phen-NaDPO:Sn(SCN)2,
[19] LiF,[20] 

Al:ZnO[21-22] and SrTiO3.
[23]  

Herein, we report on the use of a solution-processable bilayer ETL consisting of PC60BM 

and AZO, which forms highly Ohmic contact with the metal electrode and thus 

significantly outperforms PC60BM-only ETL cell. The device performance, in particular 

FF, is further improved by depositing one more layer of a solution-processed, annealing 

free, and inexpensive small organic molecule of TPPO (Figure 5.1a). We demonstrate 

PSCs fabricated with PC60BM, AZO, and TPPO, which deliver PCEs of 19.2% and FF of 

82% in comparison to the PC60BM-only reference devices with a PCE of 14.6%. 

Moreover, the PC60BM/AZO/TPPO ETL-based cells exhibit prolonged stability, 

preserving almost 80% of their original efficiency after 1000 hours under constant 

illumination. Extensive analysis, including UPS, XPS, and solid-state NMR, indicates 

chemical interaction, i.e. creation of covalent bonds and complexes between AZO and 

TPPO, a finding corroborated by DFT calculations, that lead to improved energy level 

alignment and reduced trap-assisted recombination at the perovskite/ETL interface. This 

work sheds new light on the working mechanism behind efficient metal oxide/organic 

interfacial multi-layers rising in popularity as cathodic interfacial layers in PSCs.  
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5.2 Results and Discussion 

5.2.1 Device characterization 

Perovskite solar cells were fabricated employing the p-i-n structure 

ITO/NiO/CH3NH3PbI3/ETL/Ag, where ETL consists of a single PC60BM layer, a bilayer 

of PC60BM/AZO, or a stack of PC60BM/AZO/TPPO as shown in Figure 5.1b. The cross-

section of the device is shown in the SEM image in Figure 5.1c revealing the presence of 

all expected discrete layers.  

 

Figure 5.1. (a) The chemical structure of TPPO. (b) Schematic and (c) cross-sectional 

SEM image of the PSCs ‘p-i-n’ architecture employed; the scale bar corresponds to 200 

nm. (d) J-V characteristics measured under standard solar illumination. (e) EQE spectra 

of the PC60BM, PC60BM/AZO, and PC60BM/AZO/TPPO ETL-based cells.  
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Figure 5.1d represents the J-V characteristics of the cells based on the PC60BM, 

PC60BM/AZO and PC60BM/AZO/TPPO ETLs measured under AM 1.5G solar 

irradiance. The reference cell with the PC60BM ETL exhibits a maximum PCE of 14.6% 

with a VOC of 1.04 V, a JSC of 20.3 mA/cm2, and a FF of 68.9%. Depositing the AZO 

layer on top of PC60BM results in a ≈40 mV, 1 mA/cm2, and almost 10% increase in VOC, 

JSC, and FF, respectively, reaching overall efficiency of 17.9%. Solar cells with ETL 

comprised of three sequential layers of PC60BM, AZO and TPPO, show an improved FF 

of 81.8%, further raising the PCE to 19.1%. Moreover, the device’s Rs is substantially 

reduced upon sequential addition of AZO and TPPO (from 47 Ω to 3.2 and 2.6 Ω). 

Optimal device performance is achieved at a 0.5 mg/mL concentration of the TPPO 

solution, while further increasing solution concentration and thus thickness only leads to 

a deterioration in all device parameters (Figure 5.2). A summary of the performance 

parameters as well as Rs values of champion cells based on PC60BM, PC60BM/AZO, and 

PC60BM/AZO/TPPO ETLs is given in Table 5.1. The reverse and forward scans for 

these cells, as well as the stabilized current at maximum power point, are shown in 

Figure 5.3a and 5.b, respectively.  
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Figure 5.2. Statistical distribution of PCE of the PSCs with varying concentrations of 

the TPPO solution. Data were collected from 10 devices for each concentration.  

Table 5.1. Summary of the photovoltaic parameters for champion cells based on 

PC60BM, PC60BM/AZO, and PC60BM/AZO/TPPO ETLs 

ETL 
VOC 

(V) 

JSC 

(mA/cm2) 

FF 

(%) 

Max. 

PCE 

(%) 

Rs 

(Ω) 

PC60BM 1.04 20.4 69 14.6 47 

PC60BM/AZO 1.08 21.3 78 17.9 3.2 

PC60BM/AZO/TPPO 1.09 21.4 82 19.1 2.6 
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Figure 5.3. a) J-V curves in forward (F) and reverse (R) scan directions and b) 

current output at the maximum power point of PSCs employing PC60BM, PC60BM/AZO 

and PC60BM/AZO/TPPO as ETL  

Figure 5.1e illustrates the external quantum efficiency (EQE) spectra of the three cells. 

The PC60BM/AZO and PC60BM/AZO/TPPO–based cells exhibit a 4-10% gain in spectra 

throughout the 300-800 nm wavelength range in comparison to the reference PC60BM 

ETL device. Moreover, enhanced EQE response is observed at longer wavelengths (>700 

nm) for PC60BM/AZO and especially for PC60BM/AZO/TPPO cells, which suggests 

reduced recombination at the ‘rear’ side of the cell, i.e. interface between perovskite and 

ETL.[24] The integrated photocurrent density for the PC60BM, PC60BM/AZO, and 

PC60BM/AZO/TPPO solar cells is 19.5, 20.6, and 20.9 mA/cm2, respectively, in good 

agreement with the JSC values obtained from the J-V plots in Figure 5.1d.  Moreover, the 

statistical data collected from over twenty cells (Figure 5.4) indicate that that triple-ETL 

not only improves the overall device performance but also narrows the spread of all 

device parameters, which highlights the effectiveness of the new multi-layer ETL to 

improve the reproducibility of the device manufacturing. 



126 
 

 

Figure 5.4. Statistical distribution of key solar cell parameters of PSCs based on 

PC60BM, PC60BM/AZO, and PC60BM/AZO/TPPO as the ETL. The data were obtained 

from over twenty cells for each type. 

Similar to previously observed trends,[24] the presence of the additional AZO and TPPO 

layers, in conjunction with PC60BM, lead to an enhancement in solar cell operational 

stability. As shown in Figure 5.5, in the case of PC60BM alone, T80 (the time for the solar 

cell to reach 80% of its original PCE) is reached after 300 hours. In contrast, the addition 

of AZO raises this time to 550 hours, with the device benefitting from a reduction in 

metal electrode migration through the ETL and into the perovskite. Further, the additional 

presence of TPPO at this interface leads to a T80 of 800 hours, resulting from the 
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chemical interactions between the organic molecule and silver metal inhibiting diffusion 

into the perovskite bulk. 
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Figure 5.5. Stability of PSCs based on PC60BM, PC60BM/AZO, and 

PC60BM/AZO/TPPO as the ETL.  

To gain insights into the recombination processes in the various solar cells, we first 

measured the J-V characteristics at different incident light intensities. It has previously 

been shown that JSC follows a power dependence on Pin (JSC  Pin
 where  is the power 

factor).[25-26] When α ≈ 1, the bimolecular recombination in the device can be considered 

negligible, as nearly all carriers are extracted/collected before being recombined.[25-26] As 

can be seen in Figure 5.6a, all solar cells feature negligible bimolecular recombination (α 

=0.984, 0.985 and 0.992 for the PC60BM, PC60BM/AZO, and PC60BM/AZO/TPPO cells, 

respectively). Moreover, by studying the VOC as a function of Pin, it is possible to discern 

between the trap-free and trap-limited systems. In fact, a slope of VOC vs. Pin close to 2 

kT/q is associated with the device operation limited by trap-assisted recombination, 
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whereas the slope close to kT/q depicts trap-free charge transport in a solar cell.[27-28] 

From Figure 5.6b we calculate the slopes of 1.43 kT/q, 1.41 kT/1 and 1.33 kT/q, for the 

solar cells based on PC60BM, PC60BM/AZO and PC60BM/AZO/TPPO ETLs, 

respectively. As expected, the extracted slope values suggest that PC60BM-only device 

suffers the most from the trap-assisted recombination. Adding the AZO and then a thin 

layer of TPPO increasingly passivates the trap states at the PC60BM/metal and 

oxide/metal interfaces. Moreover, as shown in Figure 5.6c, when measured at different 

light intensities, FFs for both PC60BM/AZO and PC60BM/AZO/TPPO ETL-based cells 

remain almost unchanged in the range between 82-84 and 78-80 %, respectively. This is 

not a case for a PC60BM-only reference cell, which exhibits strong dependence on Pin, 

indicating hindered charge extraction in the device.  Thus, we argue that the trap 

passivation process is responsible for the improved FF and overall performance of the 

PC60BM/AZO and PC60BM/AZO/TPPO cells in line with previous reports.[22, 29] 
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Figure 5.6. (a) JSC, (b) VOC, and (c) FF versus light intensity. (d) Normalized transient 

short-circuit current in response to a 400 μs white light (LED) pulse for the solar cells. 

The inset in (d) shows the magnified part of the turn-on dynamics of the respective traces. 

(e) TPV decay measured for PC60BM, PC60BM/AZO, and PC60BM/AZO/TPPO ETL-

based PSCs. (f) Mott-Schottky analysis of the capacitance-voltage response of PC60BM, 

PC60BM/AZO and PC60BM/AZO/TPPO ETL-based PSCs.  
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We further investigated the effect of reduced trap-assisted recombination on charge 

extraction and carrier lifetime by conducting TPC and TPV measurements, respectively. 

From the TPC plot in Figure 5.6d, specifically from the time range corresponding to the 

turn-on of the device (inset in Figure 5.6d), we can observe that the 

PC60BM/AZO/TPPO-based cell shows the fastest charge extraction compared to PC60BM 

and PC60BM/AZO cells. At the same time, as we deposit first AZO, and then AZO/TPPO 

on top of the original single layer of PC60BM, the charge carrier lifetime, τ, extracted 

from TPV plot [30-32] in Figure 5.6e, increases by 6% and 72% (from 1.16 μs to 1.23 and 

2 μs), respectively. Such a large improvement in the charge carrier lifetime, especially in 

PC60BM/AZO/TPPO case, aligns well with the trend observed for the FF and reduced 

trap recombination as suggested by TPC and light intensity-dependent VOC. Thus, we 

conclude that the trap passivation at the ETL/metal interface has a dual effect in 

increasing the charge lifetime as well as enhancing the charge extraction from the device.  

For efficient conversion of photons to free charge carriers in PSCs, a high built-in 

voltage, Vbi, is essential as it prevents carrier recombination within the device. We 

performed C-V measurements in the dark and extracted the Vbi values for each device 

configuration studied. Figure 5.6f shows the Mott-Schottky plot derived from the C-V 

characteristics measured in the dark at a frequency of 25 kHz.  From Figure 5.6f the 

following Vbi values are extracted[33] for PC60BM, PC60BM/AZO, and 

PC60BM/AZO/TPPO-based cells, respectively: 0.94, 1, and 1.02 V. These results suggest 

that within the larger depletion region for PC60BM/AZO and PC60BM/AZO/TPPO cells 

charge carriers are effectively transported and extracted, while charge recombination is 
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suppressed, manifesting itself in high FF (≈ 82% for the PC60BM/AZO/TPPO-based 

champion solar cell).  

5.2.2 Chemical characterization  

To understand why adding the TPPO layer atop PC60BM/AZO improves the device 

performance, we used complementary analytical techniques, including solid-state NMR, 

UPS, and XPS, to study the chemical composition and interactions of the different layers. 

Figure 5.7a represents the UPS measurements recorded for thin films prepared on ITO to 

assess the energetics of PC60BM and the effects of progressively coating AZO and 

subsequently TPPO. The difference between the vacuum level energy and EF is 

determined by secondary electron cut-off (SECO) using linear extrapolation as displayed 

in Figure 5.7a. The PC60BM layer on the ITO substrate displays a WF of 4.45 eV with a 

valence region cut-off of 1.55 eV (Figure 5.7b), placing the HOMO at -6.0 eV, in line 

with numerous reports.[34] As mentioned earlier, the layers were prepared on the ITO 

substrate, and as has been reported, absolute EF and WF extremely sensitive to the film 

and substrate.[34-36] There are two characteristic bands of molecular orbitals resolved in 

the spectra with the one closest to EF containing the HOMO and consisting of five 

molecular orbitals, dominated by π-bonding in the C60.
[34] As a thin layer of AZO is spin-

cast on top of the PC60BM film, the orbital bands are still well resolved suggesting that 

the AZO layer is extremely thin and possibly intermixed with PC60BM, with an effective 

measurement depth of 1-2 nm. A clear WF decrease to 3.9 eV is observed, and HOMO is 

positioned further from EF by +0.3 V, indicating that the surface region and possibly bulk 

of the PC60BM film closer to the ITO interface is more n-type. The value of 3.9 eV falls 

within the expected range of reported values 3.7-4.7 eV for AZO itself.[37-40]. To this end, 
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Zeng et al. have shown that the EF is highly sensitive to the aluminum doping 

percentage.[37] Shultz et al. identified that the C60 energy levels in contact with ZnO 

depend on the interaction of C60 with defects within the ZnO (Zni, Ovac).
[41] A decrease in 

WF (and ionization energy (IE)) closer to the PC60BM/AZO interface was observed and 

attributed to electron charge transfer from AZO to PC60BM. Such a mechanism can 

explain our observations of the raising in HOMO energy and its positioning with respect 

to EF. The addition of TPPO on top of the PC60BM/AZO bilayer results in an additional 

minor shift of 0.1 eV in the lowest observed WF. The presence of a shoulder in the cutoff 

suggests film inhomogeneity resulting from incomplete and thin coverage of TPPO. This 

change in WF and further change in EF is consistent with a chemical interaction between 

the TPPO molecule and AZO layer or PC60BM/AZO composite.  
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Figure 5.7. (a) Height normalized (at cut-off peak) UPS spectra and (b) frontier 

orbital/valence region of the UPS spectra of the spin-cast films of PC60BM, 

PC60BM/AZO, and PC60BM/AZO/TPPO on ITO. (c) XPS spectra of P 2p core level, and 

(d) XPS spectra of P 2s of the pristine TPPO and the AZO:TPPO mixture. 

To determine the chemical state of both pure TPPO and the AZO/TPPO, we conducted 

XPS measurements. In the case of a bilayer comprising AZO and TPPO, no significant 

signal was detected. Therefore, to enhance the detectability of any chemical interactions, 

the two materials were subsequently blended. High-resolution XPS spectra of the P 2p 

and P 2s core level from TPPO and the AZO:TPPO mixture are shown in Figures 5.7c 

and 5.7d, respectively. The P 2p core-level spectrum from TPPO shows two peaks at 
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132.2 and 133.0 eV corresponding to a doublet P 2p3/2 and P 2p1/2, respectively, along 

with a broad peak with a low signal around ~139 eV. The P 2p3/2 core level at 132.2 eV is 

attributed to phosphorous from TPPO.[42] The P 2s core level spectrum from TPPO shows 

a single peak centered at 189.9 eV. For the AZO:TPPO mixture the P 2p core level was 

fitted using two doublets P 2p3/2 and P 2p1/2 located at 132.2, 133.0, 133.2, and 134.0 eV. 

The doublet P 2p3/2 and P 2p1/2 located at 132.2 and 133.0 eV is attributed to phosphorous 

from TPPO, while the additional doublet at 133.2 and 134.0 eV corresponds to 

phosphorous from newly-formed species. Similarly, the P 2s core level is fitted with two 

peaks located at 189.9 and 190.9 eV. The peak located at 189.9 eV is associated with 

TPPO while the additional peak at 190.9 eV not seen in TPPO is related to the newly-

formed phosphorous species. The P 2p3/2 peak at 133.2 eV is attributed to the formation 

of stable covalent bonds between the ZnO surface and the deprotonated phosphine oxide 

functional group of TPPO.[43-44] As shown in Figure 5.8, the Zn 2p spectrum does not 

undergo any change in AZO and AZO:TPPO mixture. These results further demonstrate 

the chemical interaction between TPPO and AZO, and the possibility of the formation of 

new species.  



135 
 

 

Figure 5.8. XPS spectra of Zn 2p core level of the pristine AZO and the AZO:TPPO 

mixture 

We further investigated the chemical interaction between TPPO and AZO using high-

resolution 31P solid-state NMR. Figures 5.9a and b compare the solid-state NMR spectra 

of phosphorous atom in the pristine powder of TPPO and the AZO: TPPO mixture.  The 

31P NMR spectra of pristine TPPO shows a sharp peak at 29.2 ppm. The sharpness of the 

peak, in this case, can be explained by the highly dynamic motion of the free TPPO 

molecules and their rapid isotropic motion. However, upon the addition of AZO, a 

characteristic broadening of the 29.2 ppm peak is observed, indicating that the 

phosphorous atom has slower dynamic motion caused by the interaction of the TPPO. In 

addition, new peaks at 38.9 and 4.2 ppm appear which are related to the newly-formed 

phosphorous species. The peak at 38.9 ppm shows a downfield shift compared to the 

TPPO peak at 29.2 ppm, which can be explained by the proximity of more 

electronegative metal atoms to phosphorous. This can be attributed to the formation of 
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interaction between the TPPO and the Zn oxide surface.  The upfield shift of the 4.2 ppm 

peak indicates that the phosphorous atom lost electrons and can be related to the 

aluminum dopant interaction with phosphorous. These results demonstrate the chemical 

interaction between TPPO and AZO and the possibility of the formation of new species.   

 

Figure 5.9. Solid-state NMR 31P spectra of (a) the pristine TPPO and (b) AZO:TPPO 

mixture powders. 

5.2.3 DFT calculations  

To probe the atomic-scale details of the interactions among the constituents of the 

perovskite/ETL and ETL/metal interfaces we used DFT calculations. Due to the large 

size of the employed supercells, it was not possible to apply post-DFT corrections (e.g. 

through so-called hybrid xc-functionals) to remedy the well-known underestimation of 

the energy bandgap problem by standard xc-functionals such as PW-GGA. 

We start with the bulk and surface properties of AZO. Figure 5.10a shows the unit cell of 

AZO with one Al atom per 32 Zn sites (i.e. Al concentration xAl equal to 3.125%), while 

Figure 10b shows the corresponding electronic density of states (DOS) as a function of 

energy. AZO is metallic with its EF lying inside the conduction band. Calculations on the 

electrostatic potential close to the (001) surface of AZO give a work function value of 
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3.88 eV. For an Al concentration of 1 Al atom per 8 Zn sites (i.e. xAl equal to 12.5%) we 

find a work function of 3.54 eV. These results confirm the strong dependence of the work 

function on xAl and are in satisfactory agreement with the experimental values reported 

in the literature and above. 

 

Figure 5.10. AZO with an Al concentration of xAl = 3.125%. (a) Unit cell used to 

model AZO (Zn: blue, O: red, Al: green spheres). (b) Electronic density of states for 

AZO. Al-doping shifts the Fermi level (which here is set to zero) inside the conduction 

band. 

When a TPPO molecule approaches the AZO surface it chemisorbs by forming a 

covalent bond between its O atom and the surface Zn atom, as shown in Figure 5.11a. 

The binding energy is calculated to be 1.50 eV (bond length of 2.12 Å) for the 3.125% 

xAl case. The formation of a Zn-O bond between AZO and TPPO is consistent with the 

experimental data discussed in the previous sections. The functionalization of the AZO 

surface with TPPO decreases the work function by about 0.10 eV for xAl equal to either 

3.125% or 12.5%, again in agreement with the corresponding UPS data. By the same 

token, a TPPO molecule binds strongly (binding energy of 1.82 eV and bond length of 

2.47 Å) on the (111) surface of Ag (Figure 5.11b) and changes the calculated work 
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function of the electrode from 4.52 to 4.26 eV. Hence, by the concurrent adsorption of 

TPPO on the surfaces of AZO and Ag (with a preference for Ag due to a larger binding 

energy), the difference between the work functions of the AZO ETL and the Ag electrode 

diminishes, in line with an improved electron extraction by the latter. 

The DFT calculations also reveal interesting traits for the interactions involving PC60BM 

molecules at the interface between the perovskite and the AZO layer. On one hand, the 

PC60BM  molecule forms covalent bonds with the AZO surface (the binding energy is 

1.22 eV and bond length is 2.02 Å), as shown in Figure 5.11c, thus facilitating a strong 

electronic coupling with the AZO ETL. On the other hand, we find that a PC60BM  

molecule introduces three empty states inside the energy band gap of CH3NH3PbI3 and 

about 0.3-0.5 eV below the conduction band of the perovskite. These states can thus 

withdraw electrons which are initially photo-excited to the conduction band of 

CH3NH3PbI3. 

 

Figure 5.11. Adsorption of (a) a TPPO molecule on the (001) AZO surface, (b) a 

TPPO molecule on the (111) Ag surface, and (c) a PC60BM molecule on the (001) AZO 

surface (Zn: blue, O: red, Al: green, C: gray, H: white, P: orange, Ag: light gray spheres). 

Overall, the DFT results account for several key experimental observations and are 

consistent with the beneficial role of the PC60BM/AZO/TPPO ETL. First, the PC60BM 
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molecules can extract electrons from the perovskite to their gap states and pass them on 

to the AZO side through their covalent linking to the latter. The presence of AZO can 

thus facilitate the quick transfer of electrons away from the PC60BM-related traps, 

diminishing thus the possibility of recombination. Second, the TPPO layer forms 

covalent bonds with both the AZO side and the Ag surface, providing thus a coupling 

between the ETL and the electrode. Finally, TPPO functionalization decreases the 

difference between the WFs of AZO and Ag, and this improved level alignment can 

enhance the extraction of carriers in this last step. 

5.3 Conclusion 

To conclude, here we show a simple strategy of combining PC60BM, AZO, and TPPO 

electron transport layers and unravel the working mechanisms that lead to improved 

perovskite solar cell performance. Application of this multi-layered ETL was shown to 

consistently improve all device parameters reaching a maximum PCE of 19.1% and very 

high FF of 82%, whilst greatly improving operational stability. It is demonstrated that 

adding AZO and TPPO layers to PC60BM results in more favorable energy alignment in 

the device owing to the chemical interaction of TPPO with AZO and Ag electrode. This 

leads to an improvement in built-in voltage and reduces trap-assisted recombination. 

Experimental evidence was provided using solid-state NMR, XPS and UPS, and 

corroborated by DFT-calculations.  
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Chapter 6. a) Charge Photogeneration and Recombination in 

Mesostructured CuSCN-Nanowire/PC70BM Solar Cells 

The following content was published in the Solar RRL journal and used in this chapter 

with permission (Copyright 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim).  

6a.1 Introduction 

The extent of progress in the development of organic bulk heterojunction (BHJ) solar 

cells has been tremendous and power conversion efficiencies (PCE) of over 13% have 

recently been achieved,[1-2] owing to the development of NFAs in the past 3 years. NFAs 

are set to outperform their fullerene counterparts as they exhibit great tenability of 

absorption spectra and energy levels.[1-6] However, due to their excellent transport 

properties[7-9] combined with good solubility and miscibility when paired with selected 

donor materials,[10-11] fullerene derivatives such as PC60BM or its C70 analog PC70BM are 

still being used extensively in organic photovoltaic research and investigation of this 

class of acceptors remains relevant.  

Recently, it has been acknowledged that fullerene (C60) and its derivatives not only play a 

key role as electron-acceptor and electron–transport materials in BHJs, but also 

contribute significantly to photon absorption and photocurrent generation.[12-17] In some 

cases, such as PCDTBT:PC70BM, it has been proposed that light absorption in the 

PC70BM is the primary pathway for charge generation.[16] In fact, photogeneration in neat 

fullerene films has been discussed extensively.[15, 18-22] Chow et al. observed that upon 

photoexcitation of PC60BM and PC70BM films efficient intersystem crossing of the 

fullerene singlet excitons to triplet excitons within 1 ns occurs,[21] however, no significant 
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contribution of such triplet excitons to the photocurrent generation in OPV devices was 

reported.[23-24] Keiderling et al. reported that excitation of PC60BM aggregates results in a 

substantial generation of intermolecular CT-states, leading to charge generation.[19] Such 

intermolecular CT-states have been reported as a source of the intrinsic photocurrent of 

fullerene films.[18, 20]These CT-states, formed by electron transfer between the fullerene 

molecules, have a bandgap of 2.3–4.0 eV, [18, 20] which is significantly larger than the 

intramolecular Frenkel exciton bandgap of 1.5–1.9 eV.[20, 22] Hahn et al. further explained 

that for the case of C60 and PC60BM films, an intrinsic photogeneration occurs above a 

photon energy of 2.2–2.3 eV due to charges, which overcome their Coulomb attraction by 

an Onsager-like separation process facilitated by efficient coupling of CT-states to charge 

transport states.[15] The binding energy of the CT-state is much smaller than that of the 

Frenkel excitons in a fullerene and the photogenerated CT-states can be separated at a 

relatively weak electric field.[25] 

Previously, we have shown that functional solar cells can be prepared using PC70BM as 

the only absorber material, reaching PCEs up to 1% when using a bilayer 

CuSCN/PC70BM structure, while PCEs of over 5.4% were obtained, when CuSCN was 

mixed with the photoactive component, creating mesostructured CuSCN nanowires 

(NWs).[7] These solar cells provide a unique platform to study charge photogeneration 

and recombination in the fullerene phase and to investigate the role of the mesostructured 

interface. Thus, we examine the influence of the CuSCN interface on the charge 

photogeneration and recombination of CuSCN:PC70BM devices. Our detailed device 

studies show that improvements observed in the mixed CuSCN:PC70BM cells result from 

notably improved charge generation, reduced geminate, and reduced non-geminate 
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recombination losses. The key to this improvement is the presence of a spontaneously-

formed mesostructured interface of CuSCN NWs and PC70BM. We show that a greater 

proportion of the photocurrent in the CuSCN-based devices comes from the dissociation 

of photogenerated excitons and charge transfer at the CuSCN:PC70BM interface. 

6a.2 Results and Discussion 

We begin our discussion by examining the device performance of the bilayer and mixed 

layer solar cells (Figure 6.1a). In both cells, CuSCN was chosen as the HTL and BCP as 

the ETL due to their excellent electron and hole blocking properties, respectively. Figure 

6.1b shows the J–V characteristics for bilayer CuSCN/PC70BM solar cells with an 

optimized PC70BM thickness (40 nm). The bilayer cell exhibits a maximum PCE up to 

1% with a high VOC of 0.99 V (FF = 55% and JSC=1.8 mAcm-2). For comparison, the J–V 

characteristics of cells with MoO3 and PEDOT:PSS as HTL are also shown in Figure 1b. 

As demonstrated in Table 6.1, compared to cells employing CuSCN as HTL, the MoO3 

and PEDOT:PSS–based cells exhibit both markedly lower FF and JSC, resulting in PCEs 

of less than 0.1%. While this large discrepancy between the devices can partly be 

explained by the superior electron and exciton blocking capabilities of CuSCN,[26-27] the 

much higher Jsc suggests that charge generation may also be more efficient in these 

devices. Figure 6.1c shows the J–V characteristics of the mixed layer device for different 

ratios of CuSCN to PC70BM and device statistics are summarized in Table 6.2. For a 

ratio of 1:19, the average JSC is only slightly increased to 2.1 mAcm-2, resulting in a PCE 

≈ 1% similar to the bilayer CuSCN/PC70BM device. The JSC starts to increase 

significantly to 6.5 mAcm-2 when the ratio is 1:9 and reaches over 7.9 mAcm-2 for a 

CuSCN:PC70BM ratio of 1:3 (optimized condition). In general, the VOC of the mixed 
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cells (e.g., VOC=0.91 V for ratio 1:3) is lower than that of the bilayer cell (VOC=0.98 V) 

and close to the built-in voltages (Vbi: 0.88 V and 0.96 V for mixed and bilayer cells, 

respectively) as inferred from a Mott-Schottky analysis in Figure 6.2.[28] Preliminary 

study of the shelve lifetime of optimized CuSCN:PC70BM (1:3) cells revealed that when 

stored in nitrogen atmosphere at 21°C, their performance characteristics remained stable 

for up to 4 days without any noticeable degradation. However, when the same cells were 

exposed to ambient air (≈55% relative humidity) for a similar time duration, the cell’s 

PCE was reduced by approximately 20% of its initial value.  

 

Figure 6.1. a) Schematic of device architecture of a bilayer CuSCN/PC70BM (left) 

and a mixed layer CuSCN:PC70BM (right) solar cell. b) J-V characteristics of bilayer 

CuSCN/PC70BM solar cells with optimized PC70BM layer thickness (40 nm); Also 

shown for comparison MoO3- and PEDOT:PSS-based devices (ITO/MoO3 or 
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PEDOT:PSS/PC70BM/BCP/Al). c) J-V characteristics of mixed layer CuSCN:PC70BM 

solar cells with different CuSCN:PC70BM ratios (by weight). d) High-resolution cross-

section TEM images of a bilayer CuSCN/PC70BM cell. e) TEM image of a mixed layer 

CuSCN/PC70BM cell, with the CuSCN/PC70BM interface magnified to highlight the 

protruding CuSCN NWs into the PC70BM. D-SIMS profiles for f) bilayer 

CuSCN/PC70BM (left) and g) mixed CuSCN/PC70BM (right) solar cell. 

By comparing the cross-sectional TEM images of the bilayer and mixed layer cells 

(Figure 6.1d and e), it is clear that the presence of the spontaneously-formed CuSCN 

NWs is the main reason for the significant increase of the photocurrent in the mixed layer 

cells, as established in our previous work.[7] Further measurements of the active layer 

composition of the bilayer and mixed layer devices using D-SIMS agree with the cross-

sectional TEM data. In particular, Figure 6.1f shows the D-SIMS depth profiles of these 

cells (without the top contact BCP/Al being present). The traces associated with SCN-

groups contents (also S-atomic content) indicate a gradual concentration increase in 

CuSCN for the mixed CuSCN:PC70BM cell starting from the top of the active layer (left 

side) to the ITO interface (right side). On the other hand, the CuSCN content in the 

bilayer cell appears to increase abruptly, starting from a depth of 80 nm toward the ITO 

interface. The gradual increase of the CuSCN concentration toward the ITO side in the 

mixed cell is reminiscent of the vertical segregation of donor and acceptor materials in 

BHJ solar cells.[29-31] 
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Table 6.1. The PC70BM bilayer solar cells’ performance with different HTLs (PC70BM 

thickness is 40 nm)  

 

Active layer 
Voc 

[V] 

Jsc 

[mA cm-2] 

FF 

[%] 

PCE 

[%] 

CuSCN/PC70BM 0.98 ± 0.03 1.8 ± 0.24 48 ± 3.2 0.84 ± 0.12 

MoO3/PC70BM 0.81 ± 0.08 0.2 ± 0.005 37 ± 2.8 0.07 ± 0.01 

PEDOT:PSS/PC70BM 0.95 ± 0.03 0.3 ± 0.01 30 ± 1.2 0.08 ± 0.01 

 

Table 6.2. The mixed CuSCN:PC70BM solar cells’ performance dependence on the ratio 

of CuSCN to PC70BM in the active layer where total solid concentration is 40 mg/ml. 

 

CuSCN:PC70BM ratio 
Voc 

[V] 

Jsc 

[mA cm-2] 

FF 

[%] 

PCE 

[%] 

1:49 0.96 ± 0.020 1.8 ± 0.08 49 ± 2.9 0.84 ± 0.08 

1:19 0.94 ± 0.014 2.1 ± 0.06 50 ± 2.7 1.00 ± 0.05 

1:9 0.93 ± 0.010 6.5 ± 0.03 61 ± 2.6 3.70 ± 0.21 

1:5 0.92 ± 0.008 7.0 ± 0.11 71 ± 1.2 4.60 ± 0.12 

1:3 0.91 ± 0.005 7.9 ± 0.11 71 ± 1.9 5.10 ± 0.17 

1:2 0.92 ± 0.008 7.9 ± 0.08 67 ± 3.1 4.80 ± 0.16 
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Figure 6.2. Analysis of Mott-Schottky curves (1 kHz) for the optimized: a) bilayer 

CuSCN/PC70BM cell and b) mixed layer CuSCN:PC70BM. Based on the curves, charge 

carrier density, n, is calculated as 8.75 x 1015 cm-3 with the build-in voltage, 𝑉𝑏𝑖 = 0.96 V 

and 44 x 1015 cm-3 with the 𝑉𝑏𝑖 = 0.88 V for bilayer and mixed cells, respectively. 

PC70BM has been known to have a significantly higher absorption coefficient than 

PC60BM due to its lower symmetry.[32-33] To better quantify the optical absorption 

characteristics of PC70BM, we performed ellipsometry measurements. Figure 6.3a shows 

the extinction coefficient of CuSCN, PC70BM, mixed CuSCN:PC70BM, and 

P3HT:PC70BM (as reference) films inferred from thin-film ellipsometry. PC70BM film 

absorbs effectively between 350–600 nm with a respectable extinction coefficient (k ≈ 

0.4), while P3HT:PC70BM has a higher extinction coefficient from 450–650 nm (k ≈ 0.6 

at 500 nm) due to the contribution from P3HT. In contrast, mixing the PC70BM with 

CuSCN in the mixed phase CuSCN:PC70BM films (ratio 1:3) result in a lower extinction 

coefficient than the pristine PC70BM film, as CuSCN provides a negligible contribution 

to the absorption above 350 nm.  
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Figure 6.3. a) Extinction coefficient (k) obtained from spectroscopic ellipsometry 

measurement for CuSCN, PC70BM, mixed CuSCN:PC70BM and P3HT:PC70BM 

(reference) films. b) Maximum theoretical JSC plot (JSC,max, assuming 100% IQE) vs. 

active layer thickness simulated via transfer matrix (device structure used for simulation 

is shown in Figure 6.1a). 

Furthermore, by employing the optical constants (refractive index, n, and extinction 

coefficient, k) inferred from the ellipsometry measurements, we performed transfer-

matrix simulations[34-36] to estimate the maximum theoretical JSC (JSC,max) for bilayer 

CuSCN/PC70BM and mixed CuSCN:PC70BM solar cells. Figure 6.3b shows the JSC,max 

as a function of active-layer thickness. The results show that a JSC>10 mAcm-2 for both 

bilayer and mixed cells is achievable when the active layer thickness is larger than 100 

nm. When the thickness is between 50–150 nm, the JSC,max of a P3HT:PC70BM cell is 

higher than the bilayer and mixed cells, reaching a JSC,max of 13 mAcm-2 for a thickness of 

100 nm. In practice, a maximum JSC of 10–11 mAcm-2 has been reported for 

P3HT:PC70BM cells.[37] However, the device performance of such cells is limited by a 

low VOC≈0.6 V (compared to >0.9 V in CuSCN:PC70BM cells) and a lower FF of 50–
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60% resulting in a PCE of 3–4%. It is worth noting that based on the JSC,max calculation, 

for an active layer thickness larger than 150 nm, the JSC,max of the P3HT:PC70BM cell is 

comparable to that of the bilayer CuSCN/PC70BM.  

To compare the performance of the mixed CuSCN:PC70BM with bilayer 

CuSCN/PC70BM devices, both were fabricated using optimized conditions. Analysis of 

the saturation current (JSAT), experimentally-measured JSC, and maximum theoretical JSC 

(JSC,max) can provide insight into the photogeneration and collection losses in the 

PC70BM-based devices (Table 6.3). Here, JSAT is measured as the current reached when 

the solar cell is under strong reverse bias (-5 V); in this case, non-geminate 

recombination is considered negligible and the current is limited by the photogeneration 

efficiency. Therefore, the ratio of JSAT to JSC,max provides an estimation of the charge 

carrier generation efficiency (ηG), while the charge collection efficiency (ηcoll) can be 

calculated from the ratio of JSC to JSAT. As shown in Table 6.3, the JSC, JSAT, and JSC,max 

of the CuSCN:PC70BM cells are 7.6, 8.7, and 10.0 mAcm-2, respectively. The estimated 

charge carrier generation and charge collection efficiency are both almost 90%, 

indicating very efficient charge generation and collection in the mixed CuSCN:PC70BM 

solar cell. However, it is more difficult to estimate the JSAT of the bilayer device as the 

current keeps increasing with reverse bias. Thus, we used JSAT at -5 V and obtained for 

the bilayer CuSCN/PC70BM cells a charge collection efficiency of less than 46%, while 

the charge generation exceeds 50% (Table 6.3). This indicates that both geminate and 

non-geminate recombination are more pronounced in the bilayer cell than in the mixed 

cell. 
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Table 6.3. Summary of short-circuit current density (JSC), saturated photocurrent density 

(JSAT) estimated at -5 V, theoretical maximum photocurrent density (JSC,max), charge 

generation efficiency (ηG), charge collection efficiency (ηcoll), and estimated IQE 

(JSC/JSC,max) 

 JSC 

[mAcm-2] 

JSAT 

[mAcm-2] 

JSC,max 

[mAcm-2] 

ηG 

[%] 

ηcoll 

[%] 

IQE 

[%] 

CuSCN/PC70BM (40 nm) 1.83 4.0a) 7.9 50b) 46c) 23 

CuSCN:PC70BM (100 nm) 7.60 8.7 10.0 87.0 87.0 76 

FF of the bilayer device is low therefore correct value of JSAT cannot be obtained. Thus: a)JSAT > 4 

mAcm-2; b) ηG = JSAT/JSC,max > 50%; c) ηcoll = JSC/JSAT < 46%. 

To determine the cause of the increased charge photogeneration in the CuSCN-based 

cells, the EQE was measured. A comparison of the EQE of bilayer cells obtained upon 

replacing CuSCN with MoO3 or PEDOT:PSS is shown in Figure 6.4a. The EQE of 

MoO3 or PEDOT:PSS-based cells are ≈7% and drop to almost zero at a wavelength of 

550 nm (≈2.25 eV), which is close to the reported energy of the fullerene CT-state (2.2– 

2.3 eV).[15, 20] This indicates that the photocurrent in the MoO3 and PEDOT:PSS-based 

devices originates exclusively from the intrinsic photogeneration of PC70BM through 

dissociation of loosely bound intermolecular CT-states.[15] In contrast, the EQE of the 

optimized CuSCN-based bilayer device exhibits a much higher EQE (≈15%) and a shift 

of the EQE cut-off from 550 to 730 nm (Figure 6.4a). CuSCN-based mixed layer device 

also shows a similar shape of the EQE spectra with a more pronounced maximum of 

EQE between 450–550 nm (Figure 6.4b). Yang et al.[22] and Zhang et al.[38] showed 

previously that in the case of fullerene-based Schottky-junction cells with low donor 
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contents (5 wt.% P3HT), the device photocurrent increased significantly compared to 

neat- PC70BM devices. Similarly, they also observed a shift of the EQE cut-off from 532 

to 700 nm. They attributed the photocurrent enhancement across the entire spectrum 

(300–700 nm) to an increase in the dissociation efficiency of intermolecular CT-states 

and intramolecular Frenkel excitons in PC70BM due to charge transfer to P3HT. 

Similarly, we argue that the dissociation of strongly-bound Frenkel excitons at the 

CuSCN/fullerene heterointerface (through the formation of a CT-like state) in 

CuSCN/PC70BM cells also contributes to the measured photocurrent, in addition to the 

photocurrent from intramolecular CT-states. It is noteworthy that the mixed layer 

CuSCN:PC70BM cells operate as p-n heterojunction devices, and not as Schottky-

junction cells, which explains the significantly higher FF as compared to the Schottky 

junction cells reported previously.[22, 38]  

In general, increasing the amount of CuSCN in the mixture of PC70BM and CuSCN 

further improves the photocurrent (Figure 6.1c and Table 6.2). The EQE for the 

CuSCN:PC70BM devices with ratios of 1:49 and 1:19 is ≈17%, not much improved 

compared to the optimized bilayer cell. The EQE further increases to ≈40%, when the 

ratio is 1:9 and exceeds 50% for CuSCN:PC70BM ratios in the range 1:3 to 1:2. The 

maximum of EQE at around 510 nm becomes more pronounced when the amount of 

CuSCN in the mixture increases. Figure 6.4c shows the IQE spectra of the optimized 

bilayer and mixed layer cells. Noticeably, the IQE of the optimized mixed layer cell is 

relatively high ≈70% across the visible spectrum suggesting efficient charge carrier 

generation and collection. In contrast, charge carrier recombination reduces the IQE 

(≈20%) in optimized bilayer cells. The aforementioned IQEs are in agreement with those 
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estimated from the JSC divided by the JSC,max calculated by transfer matrix (Table 6.3) 

simulations, confirming the accuracy of our optical simulations 

 

Figure 6.4. a) EQE spectra between 300 and 700nm of the MoO3/PC70BM and 

PEDOT:PSS/PC70BM devices compared to CuSCN-based cells (bilayer CuSCN/PC70BM 

and mixed layer CuSCN:PC70BM (weight ratio 1:3) cells). b) EQE spectra for mixed 

CuSCN:PC70BM solar cells of different weight ratios (1:49, 1:19, 1:9, 1:6, 1:3, and 1:2). 

The EQE of the best performing bilayer CuSCN/PC70BM is also shown for comparison. 

c) IQE spectra of the best performing bilayer CuSCN/PC70BM (PC70BM thickness 40 

nm) and mixed CuSCN:PC70BM cells. 

To further understand the differences in the performance of the solar cells, the subgap-

EQE measurement was conducted as shown in Figure 6.5. As can be seen, extended 

absorption tails for photon energies below 1.65 eV is observed in the case of bilayer 

CuSCN/PC70BM and mixed phase CuSCN:PC70BM devices, while it is absent in the 

EQE of the MoO3/PC70BM device. We attribute this absorption tail to CT-states present 

at the CuSCN-PC70BM interface. Moreover, the CT absorption appears to be more 

pronounced in the case of mixed layer devices, indicating a larger CuSCN-PC70BM 

interface area. The change in the interfacial area is also manifested as a decrease in the 
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VOC in mixed layer cells when the amount of CuSCN in the mixed active layer is 

increased (from 0.96V for ratio 1:49 to 0.92 V for ratio 1:2, Table 6.2). This is in 

agreement with the results of Vandewal et al. obtained on fullerene-based devices with 

low donor content, which showed that the VOC can be tuned independently of interfacial 

energetics and depends on the interfacial area available for charge carrier 

recombination.[39]  

 

Figure 6.5. The sub-bandgap EQE spectra of the optimized MoO3/PC70BM, bilayer 

CuSCN/PC70BM, and CuSCN:PC70BM devices. The EQE showing the absorption tail of 

the bilayer and mixed layer cells in comparison to the MoO3/PC70BM device. 

6a.3 Conclusion 

We have elucidated the origin of the significantly enhanced performance of 

mesostructured CuSCN-NW:PC70BM solar cells as compared to planar bilayer 

CuSCN/PC70BM devices. The combination of a range of complementary characterization 

techniques revealed that the performance improvements observed in this new type of 
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mesostructured CuSCN-NW:PC70BM solar cells result primarily from improved charge 

generation and collection efficiency from approximately 50%, in planar bilayer cells, to 

nearly 90% in mesostructured cells; reduced geminate and non-geminate recombination 

losses. We were also able to establish that a greater proportion of the photocurrent in the 

CuSCN-based cells results from the efficient dissociation of photogenerated excitons and 

charge transfer at the CuSCN-PC70BM heterointerface. We hypothesize that this new 

CuSCN/photoactive material-based solar cell concept should be transferable to a wider 

range of organic as well as inorganic materials with more appropriate absorption 

characteristics, thereby further increasing the efficiency of the solar cells. Finally, our 

study lay the foundation for an improved understanding of carrier photogeneration within 

the acceptor phase of BHJ organic solar cells, which up to now has been largely ignored. 
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Chapter 6. b) Characterization and application of the CuSCN hole-

transporting layers processed from various amine-based solvents 

6b.1 Introduction 

To be successfully used in a device, an interlayer has to possess certain characteristics, 

such as chemical stability, processing versatility, high optical transparency, and solvent 

orthogonality with adjacent layers.[1] However, while electron-transporting materials are 

widely available and have been extensively studied, the p-type materials with all of the 

above-mentioned characteristics are still scarce. One of the most widely used materials, 

PEDOT:PSS, has been used in the OPV field as a standard HTL since the development of 

efficient OSCs. PEDOT:PSS is widely used mostly because it is solution-processable, it 

produces high-quality smooth films, and forms Ohmic contact with most of the donor 

materials. However, its’ inherent disadvantages, such as acidic and hygroscopic nature, 

negatively affect the stability of the device. In more detail, it has been shown that 

PEDOT:PSS causes corrosion at the interface with the ITO electrode leading to the 

diffusion of indium into the active layer [2]. Other disadvantages include the inability to 

block electrons [3] and the dependence of the film’s WF and surface composition on the 

processing conditions [4].  When it comes to metal oxides the commonly used p-type 

materials are NiOx 
[5-6] and copper oxides (Cu2O, CuO). The problems encountered with 

these materials are often narrow bandgap and the need for high-temperature (>200 °C) 

annealing steps [7]. As a result, they have not been implemented and used as widely as 

PEDOT:PSS in the OSCs.  
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CuSCN is the wide-bandgap (>3.5 eV) p-type semiconducting material which has been 

successfully implemented in high-efficiency OSCs [8-10], TFTs [11-13], OLEDs [14-15] and 

PSCs [10]. It has been shown to outperform commonly used PEDOT:PSS and spiro-

OMeTAD when it comes to stability in both OSCs and PSCs.[10, 16-17] Among other 

advantageous features of this material are its low cost, commercial availability, versatile 

and easy processing which does not require high temperatures, good electron-blocking 

capabilities, etc. However, the use of CuSCN in optoelectronic devices has remained 

challenging because of the high sensitivity of the layer quality on the preparation 

conditions and limited choice of solvents suitable for material processing as it is not 

soluble in most of the organic solvents. Thus, the most widely used solvents for CuSCN 

layer preparation have been sulfur-based, in particular DES and dipropyl sulfide, 

restricting processing to controlled laboratory premises because of the strong odor. Water 

ammonia[10] (NH3) is another solvent that has been recently suggested and demonstrated 

to outperform layers prepared from DES in both OSCs and PSCs. The layers processed 

from NH3 were shown to be very thin, i.e. 3-5 nm in thickness, smooth enough to 

planarize an ITO electrode, and of high purity. In BHJ OSCs used with fullerene-based 

acceptor, PCE10:PC70BM, these layers delivered 10.7% PCE.  

In this work, we intend to further study the applicability of a variety of amine-based 

solvents for CuSCN processing using a more novel donor/acceptor combination as the 

photoactive layer. In the previous part, we used CuSCN in a single-material OSC with 

PC70BM in a mesostructured and planar configurations using DES as a processing 

solvent. In the second half of the chapter, we explore further applications of CuSCN in 

OSCs by tuning CuSCN layers’ quality using different solvents for processing. We study 
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how the choice of the solvent affects the optical, morphological, and electronic properties 

of the CuSCN films and how it can be used to improve the performance of OSCs based 

on the PM6:Y6 active layer.  

6b.2 Results and Discussion 

6b.2.1 Solar cells performance and characterization 

In this study, we use the PM6:Y6 combination for the active layer for OSCs, which was 

mentioned and used in the earlier chapters. The structure of these materials can be found 

in Figure 3.1. In this work the following solvents are used for processing CuSCN as the 

HTL: DES, NH3, EA, and EDA. More details on the processing conditions can be found 

in Chapter 3. The devices were fabricated in a conventional architecture 

ITO/CuSCN/PM6:Y6/PFN-Br/Al as shown in the inset of Figure 6.6a, where the 

CuSCN layer was prepared using different solvents. The J-Vs of the best cells are shown 

in Figure 6.6a and the performance parameters are summarized in Table 6.4. As DES is 

the conventional solvent most widely used for CuSCN processing, it is considered as a 

reference in this study. As seen from Table 6.4, the reference DES cell reaches a 

maximum of only 13.3% PCE, with high JSC and VOC of 25.1 mA/cm2 and 0.84 V, 

respectively, but hindered by the poor FF of 64%. The NH3 and EA cells perform 

similarly, with the same FF of 70%, JSC of 25.5 and 24.4 mA/cm2, respectively. The NH3-

based SC shows the best VOC and PCE among all four types of solar cells, i.e. 0.85 V and 

15.0%, respectively.  The EDA solvent demonstrates the worst performance with an 

efficiency of only 12.7% suffering from both low FF and JSC (65% and 23.9 mA/cm2). 

Figure 6.7 summarizes the statistical data of the key SCs’ performance parameters 

collected from at least ten cells. The NH3-based cells demonstrate the narrowest spread 
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for JSC, FF, and PCE parameters, showcasing the effectiveness of this processing 

protocol. When using DES and EA solvents, the SCs exhibit a wider spread of the device 

parameters, followed by the EDA-based cells. Processing CuSCN from the EDA solvent 

results not only in worse solar cell performance from the efficiency perspective but also 

from the point of view of reliability and reproducibility of the fabrication route. 

 

Figure 6.6. a) J-V characteristics, b) JSC and c) VOC dependence on incident light 

intensity, and d) charge carrier lifetime (τ) as a function of charge carrier density (n) for 

PM6:Y6 solar cells with the CuSCN HTL processed from the DES, NH3, EA and EDA 

solvents. 



165 
 

Table 6.4. Summary of the PM6:Y6 OSCs best cell performance using different solvents 

for CuSCN layer processing. 

Solvent 
VOC 

(V) 

JSC 

(mA/cm2) 

FF 

(%) 

Average 

PCE (%) 

Maximum 

PCE (%) 

DES 0.84 25.1 64 12.5 13.3 

NH3 0.85 25.2 70 14.5 15.0 

EA 0.84 24.4 70 13.7 14.4 

EDA 0.84 23.9 64 11.4 12.8 

To understand the origin of the different solar cell performance with varying solvents we 

measured the J-V characteristics at different incident light intensities. These methods 

have been explained in Chapter 3 and used both in Chapters 4 and 5. In short, when 

measured J-V characteristics at different light intensities; the features of interest are the 

slopes of the JSC and VOC versus Pin. In the case of JSC, the slope close to unity indicates 

that bimolecular recombination in a cell is negligible, while slopes less than unity are 

indicative of a certain degree of bimolecular recombination occurring in a cell.[18-19] As 

shown in Figure 6.6b, the slope of the JSC on Pin is 0.990, 0.990, 0.978, and 0.950 for 

DES, NH3, EA, and EDA solar cells, respectively. In agreement with the cells’ JSC, DES 

and NH3 cells seem to be free from bimolecular recombination. The EA cell shows a 

slope slightly deviating from unity, while the EDA device suffers from bimolecular 

recombination the most. The dependence of VOC on Pin can give insights into the trap-

assisted recombination processes in a solar cell. Thus, if the slope of the VOC dependence 

on the ln(Pin) equal to 𝑘𝑇 𝑞⁄ , it indicates that the cell performance is not limited by the 

trap-assisted recombination. The closer the slope approaches 2 𝑘𝑇 𝑞⁄ , the higher the 

degree of trap-assisted recombination in a cell.[18] From Figure 6.6c the following slope 
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values are extracted for the DES, NH3, EA, and EDA cells: 1.27 𝑘𝑇 𝑞⁄ , 1.14 𝑘𝑇 𝑞⁄ , 1.15 

𝑘𝑇 𝑞⁄ , and 1.29 𝑘𝑇 𝑞⁄ , respectively. The NH3 and EA cells demonstrate similar values, 

with NH3 device showing the least amount of traps. Meanwhile, the slopes of 1.27 and 

1.29 𝑘𝑇 𝑞⁄  for the DES and EDA-processed devices point that trap-induced 

recombination is one of the reasons of their deteriorated performance.  

TPV and CE techniques were used to find charge carrier lifetime and density, 

respectively. It is known that recombination order (Equation 4.2), λ+1, equal to two, 

implies entirely bimolecular recombination of charges at open-circuit conditions.[20] 

When it is larger than two, it suggests trapping/detrapping of charges, i.e. existence of 

energetic and morphological traps in the device.[20] From the plots in Figure 6.6d, the 

following (λ+1) recombination exponents were calculated: 2.70, 2.58, 2.67, and 2.99 for 

the DES, NH3, EA, and EDA cells, respectively. Again, the obtained values confirm the 

trapping recombination mechanism existing in all SCs, with the EDA cell suffering the 

most. Moreover, the trend of the recombination exponents is consistent with the solar 

cells’ FFs and overall performance.  
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Figure 6.7. Statistical distribution of key solar cell parameters based on CuSCN HTL 

processed from the DES, NH3, EA, and EDA solvents. The data were obtained from at 

least 10 cells.  

6b.2.2 CuSCN layers characterization 

The CuSCN layers processed from the DES, NH3, EA, and EDA solvents were analyzed 

from various perspectives. The conditions used for this analysis were the same as the 

ones resulting in the best solar cell performance. We start the discussion from the optical 

characterization as shown in Figure 6.8a. As expected, CuSCN resulted in a transparent 

colorless solution when dissolved in DES at 60°C for 1 hour. However, all three solutions 

of CuSCN in NH3, EA, and EDA appeared blue, with the EA-based solution having the 

darkest color. The solutions’ appearance is attributed to the formation of Cu2+-amine 

complexes, which are known to exhibit characteristic blue color.[21] The dark precipitate 
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was observed in all four solutions, which were successfully filtered before deposition. 

Despite the difference in the color of the solutions, the absorption spectra of all four 

layers are as expected for CuSCN thin films, i.e. show high transparency throughout the 

visible region 400-800 nm, and a characteristic peak at ≈302 nm. 

Figure 6.8. a) UV-Vis absorption spectra and b) Fermi levels measured via Kelvin probe 

method of CuSCN layers processed from the DES, NH3, EA, and EDA solvents. The 

UPS spectra of the CuSCN layers on ITO at the c) cutoff peak region and d) valence 

region 
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To understand if the processing conditions affect the electronic properties of the CuSCN 

layers, PESA, KP, and UPS measurements were conducted. Photoemission spectroscopy 

in air was used to measure the valence band maximum for all four CuSCN layers 

deposited on glass as shown by the red dotted line in Figure 6.8b. It appeared that the 

solvent choice did not affect the VBmax of the CuSCN films, as the samples demonstrated 

similar values of 5.40 ± 0.5 eV which is within the experimental error. Kelvin probe 

measurement was conducted under nitrogen atmosphere to further investigate electronic 

energy levels of the CuSCN layers. The DES, NH3, EA, and EDA-processed samples 

demonstrated the following EF values: 4.79, 4.82, 4.86, and 4.84 eV, respectively, which 

fall within the reported range of 4.4 – 5.2 eV[1, 10] for EF measured with KP set-ups. The 

differences can be explained by the exposure to humidity and oxygen during 

transportation of the samples, which is known to cause p-doping of the CuSCN layers 

thus affecting the KP results.[10] 

Figure 6.8c and d represent the UPS spectra measured for the thin films spin-cast on 

ITO substrates from various solvents to get further insights into the energetics of the 

CuSCN layers. The difference between the vacuum energy level and the Fermi energy 

levels of the samples was determined by the linear extrapolation at the secondary cut-off 

region. The obtained EF values for the DES, NH3, EA, and EDA-processed samples are 

as follows: 4.70, 4.68. 4.64, and 4.66 eV, respectively, while the valence band maximum 

(VBM) levels were calculated to be 5.41, 5.51, 5.42, and 5.44 eV, respectively. The 

results are close to values obtained with the help of PESA and KP. It has been reported 

that results for these methods can vary due to the different environments in which the 

tests are carried out, i.e. ultra-high vacuum for UPS and nitrogen/air for KP and PESA.[22]  
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Figure 6.9. AFM topography images of a) ITO/CuSCN (DES), b) ITO/CuSCN 

(NH3), c) ITO/CuSCN (EA), d) ITO/CuSCN (EDA) and e) ITO. The scale bar 

corresponds to 500 nm. The z-value indicates the maximum height. f) Height histograms 

extracted from (a-e). 

The effect the processing solvent has on the CuSCN layer morphology was studied using 

AFM. The surface topology data of the layers deposited on an ITO substrate as well as of 

the bare ITO substrate for reference are given in Figure 6.9a-e. The data is then 

‘summarized’ in Figure 6.9f with the help of the surface height histograms extracted 

from the AFM images. The surface morphology of the CuSCN layer processed from the 

DES solvent is dominated by spherical grains 40-50 nm in size with a single broad peak 

extending between 20-50 nm (Figure 6.9f black graph) separated by flat regions with the 
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surface rms = 11.35 nm. The NH3 – processed layer shows the smoothest surface 

morphology with the roughness of 1.73 nm, which is less than that of the bare ITO 

substrate (1.78 nm), indicating that CuSCN (NH3) can planarize ITO surface. The 

histogram reveals a bimodal height distribution with a peak at ≈6 nm, which is attributed 

to the small slightly elongated particles, and flat regions. The CuSCN (EA) film 

demonstrates the most packed surface morphology with the spherical grains peaking at ≈ 

50 nm. The surface roughness for the EA-processed film is 7.50 nm, which is 

considerably larger than for the bare ITO and NH3 sample, but still less than for the DES 

film. Finally, the EDA-processed layer has the roughest surface morphology with the rms 

of 17.78 nm. Although the particles dominating the morphology seem smaller in size, 

they seem to aggregate forming large clusters 60-90 nm in size. Thus, the histogram 

reveals bimodal height distribution with two peaks at ≈30 and ≈70 nm. Such morphology 

explains the poor FF and JSC of the EDA solar cell, as these large clusters can serve as 

morphological traps, contributing to the recombination in a solar cell. Moreover, such 

rough HTL can significantly disrupt the morphology and packing of the PM6:Y6 active 

layer which is deposited on top of it, thus contributing to the bimolecular recombination.  

To obtain more information on the structural differences between the CuSCN films, we 

performed GIWAXS measurements as shown in Figure 6.10. Generally, CuSCN 

crystallizes in two polymorphs: α-CuSCN and β-CuSCN, where the latter is known to 

exhibit polytypism.[23] The GIXD data of the NH3 and EA-processed films suggest that 

the deposition methods yielded β-CuSCN. The sharp reflection at q=11.5 nm-1 is 

attributed to the (002) β-CuSCN ring, while the broad reflection at q=19 nm-1 implies the 

presence of different polytypes of β-CuSCN, i.e. 2H and 3R. The DES and EDA-
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processed samples exhibit a series of additional reflections in the range between 13-18 

nm-1, which potentially can be attributed to the existence of α-CuSCN.  

 

Figure 6.10. a), b), c) and d) GIWAXS profiles obtained from CuSCN films coated on Si 

from DES, NH3, EA, and EDA solvents, respectively. e) GIXD data acquired from 
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CuSCN films processed from various solvents. Indexing of CuSCN pattern is performed 

according to the CuSCN 2H β-structure.  

6b.3 Conclusion 

We demonstrated high-performance PM6:Y6 OSCs based on CuSCN HTLs processed 

from four different solvents. The best solar cell with CuSCN processed from water 

ammonia (NH3) exhibited PCE of 15.0% and importantly a narrow spread of the device 

parameters, establishing the reproducibility of the processing route. We showed that the 

choice of the solvent did not affect the energetics and optical characteristics of the 

CuSCN films to a significant extent. On the other hand, deposition of CuSCN using 

solvents such as NH3 and EA resulted in smooth and uniform morphology, while DES 

and EDA-processed layers exhibited high roughness and particle aggregations. Such 

unfavorable morphology can be the reason for the increased trap-assisted recombination 

in the DES and EDA cells, resulting in reduced FF and overall performance. Although 

the cells with CuSCN (EA) demonstrated slightly worse PCE compared to the NH3-cells, 

this processing route can be preferable in certain applications, e.g. for large-area SCs, 

where the deposition of the CuSCN (NH3) layers with the 2-5 nm thickness is 

challenging.  
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Chapter 7. Summary and future works 

7.1 Summary  

This thesis was aimed at developing charge extracting material systems for use in organic 

and perovskite solar cells. Both electron- and hole-extracting materials were studied from 

various perspectives, and their effects on the recombination losses and overall cell 

performance were investigated. A broad range of characterization techniques was used to 

better understand how interfacial engineering can help to optimize solar cell performance.  

In Chapter 4 we proposed a simple way of improving Phen-NaDPO charge transport and 

its electron extraction characteristics by admixing minute amounts of Sn(SCN)2. Adding 

5 mol% of Sn(SCN)2 in Phen-NaDPO yields PBDB-T-2F:IT-4F cells with greatly 

enhanced performance as compared to devices based on pure Phen-NaDPO as the ETL. 

With the aid of a wide range of device characterization techniques, we showed that 5 

mol% of Sn(SCN)2 reduce trap-assisted recombination leading to an all-round cell 

improvement including higher VOC, FF and PCE as well as in a characteristic narrowing 

of the device-to-device parameter spread. AFM, XPS, and NMR measurements suggested 

that chemical interactions between Phen-NaDPO and Sn(SCN)2 affect the morphology 

and energetics of the blend ETL, ultimately leading to improved cell performance. The 

experimental results were corroborated by DFT calculations. The novel hybrid ETL was 

further shown to consistently improve device performance in various OSCs and PSCs.  

In Chapter 5 we proposed a novel multilayered PC60BM/AZO/TPPO system for electron 

extraction in CH3NH3PbI3 PSCs. The multilayer ETL was shown to significantly improve 

both solar cell efficiency and stability, reaching a maximum PCE of 19.2% and a higher 
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FF (82%). Extensive photoelectric analysis revealed that trap-assisted recombination was 

reduced and built-in voltage was improved upon consequentially adding AZO and TPPO 

layers. Solid-state NMR, XPS, and UPS measurements as well as DFT calculation 

pointed to the favorable chemical interactions occurring between PC60BM, AZO, and 

TPPO, which result in better energy alignment and positively affect electron extraction 

and transport.  

The first part of Chapter 6 was dedicated to the single-materials OSCs, where PC70BM 

was utilized as the sole photoactive material. Cross-sectional TEM images revealed that 

when a mixture of CuSCN and PC70BM were spin-cast on solid CuSCN HTL, a unique 

mesostructured p-n like heterointerface formed with CuSCN NWs protruding through 

PC70BM phase almost reaching the opposite electrode (cathode) above. Matrix-transfer 

calculations and photoelectrical characterization showed that the mesostructured cells 

were more efficient than their planar bilayer counterparts because of simultaneous 

improved charge generation and collection, and reduced geminate and non-geminate 

carrier recombination. It was demonstrated that exciton dissociation and charge transfer 

processes were more efficient in the mesostructured cells due to the extended 

CuSCN/PC70BM heterointerface.  

In the second half of Chapter 6, emphasis was placed on investigating the effects of 

different solvent processing conditions on the CuSCN layers from a morphological, 

optical, and energetic point of view. The AFM analysis showed that while certain 

solvents such as DES, EA and EDA, produce CuSCN films with high roughness, layers 

grown from aqueous NH3 are much smoother and even able to planarize the ITO surface. 
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Finally, CuSCN films produced from NH3 and EA, resulted in the best-performing 

PM6:Y6-based OSCs, reaching PCE values of 15 and 14.5%, respectively. It was found 

that trap-assisted carrier recombination in these cells is greatly reduced in comparison to 

devices based on CuSCN processed from DES and EDA.  

7.2 Outlook and future works 

With the challenges global warming and increasing world energy demands are bringing 

in the 21st century, the development and deployment of renewable energy sources is 

becoming more important than ever. To date, the most commonly-used and 

commercialized solar cell technologies (93.6% of the total market) are based on silicon. 

Efficiencies of such solar modules are now only ca.2% lower than for the best reported in 

the laboratories. Yet, in 2020 solar energy accounts for only ca.1% of global energy 

consumption. With further development and tremendous potential for near-term 

commercialization, the so-called third generation PV technologies, such as OSCs and 

PSCs, might provide the technological solutions needed. Both of these emerging 

technologies offer a variety of competitive advantages over various incumbent 

technologies, including lightweight, potential for low production cost due to processing 

versatility, large-area fabrication, potential for environmental impact, and compatibility 

with inexpensive, flexible and lightweight substrates. Thanks to the research efforts from 

all over the world, the reported efficiencies of both technologies have been improving in 

recent years at a fast pace. However, fundamental technical, environmental and economic 

issues still remain that would need to be addressed in the future as to enable successful 

commercialization. These include:  
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- Scalable and high yield solar cell/module manufacturing/production  

- Long operational lifetime for solar cells  

- Low toxicity and environmental impact of materials and processing methods  

With the recent strides in the PSCs’ and OSCs’ power conversion efficiencies, it is 

becoming more urgent to tackle these outstanding issues. Although some effort has 

always been directed towards this direction, the majority of research groups around the 

world have prioritized pushing the PCE values even higher. As a result, the vast majority 

of the record efficiencies are reported for small laboratory-scale cells, fabricated and 

tested in laboratory conditions without reporting comprehensive stability data. Next, we 

discuss each of these challenges in more detail from the perspective of OSCs and PSCs 

technologies.  

7.2.1 Scalability 

While efficiencies of laboratory-scale (~0.1 cm2) PSCs and OSCs are improving every 

year, reports on larger area SCs are still scarce. In the case of OSCs, it is commonly 

known that the PCE would drop by about 5% when going from laboratory-scale cells to 

solar modules of commercial size.[1] In the past, it has been shown that often FF is a 

parameter that suffers the most with the increasing device area. For example, OSCs based 

on the PTB7-Th:PC70BM active layer, the PCE dropped from 9.3% to 7.8% and 7.1% 

when the area was increased from 0.27 to 1.00 and 2.05 cm2.[2] While JSC and VOC 

remained relatively unaffected, the FF dropped from 70% to 61% and 55%.[2] The 

development of NFAs signified a new era in OPV research. It has been shown that OSCs 

with NFAs can maintain the FF with scaling-up of the device area much better than their 
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fullerene-based counterparts. As an example, a 0.64 cm2 solar cell based on PBDB-

T:ITIC was shown to maintain its high FF of 75%.[3] Moreover, NFAs-based OSCs have 

been demonstrated to sustain both the FF and PCE values better when going from thin to 

thicker active layers (i.e. BHJs).[4] For a long time, it has been commonly believed that 

150-300 nm-thick active layers are required for commercialization due to easier and more 

versatile processing as well as better light absorption.[1] While NFAs have demonstrated 

promising results in bringing the commercialization of OSCs closer to reality, there are 

other challenges that need to be consider, such as the increasing series resistance of 

electrodes (e.g. ITO) with scaling active area.  

When it comes to PSCs, the main challenge is to develop fabrication techniques that 

allow large-area deposition and controlled crystal growth of high-quality perovskite 

films. Thus, a perovskite solar modules were reported with a PCE of 4.3% for 100 cm2 

area[5] and certified 12.1% PCE for 36 cm2.[6]   

7.2.2 Stability  

Recent reports on both PSCs and OSCs often provide some data on stability. However, a 

lack of standardized protocols for reporting the stability of these emerging PV 

technologies, makes it difficult to compare data from different research groups. Often 

devices are held in darkness and inert atmosphere, which has little in common with the 

real-life conditions. While such data provides some insights on the stability of the cells, it 

is still not adequate for commercial applications. The development of reliable protocols 

and clear procedures to report stability and lifetime will be beneficial for both OSCs and 
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PSCs. For instance, the Reporting Checklist for Solar Cell Manuscripts proposed by 

Nature Publishing Group is one step towards that direction.   

When it comes to the operational stability of OSCs, some impressive results were 

reported for OSCs based on fullerene acceptors. For example, PCDTBT:PC70BM OSCs 

demonstrated a lifetime of almost 7 years.[7] However, the main problem with fullerene-

based OSCs is the so-called ‘burn-in’ loss, when the efficiency of a solar cell drops by 

30-40% in the first few hundred hours. In that sense, NFAs showed promising results as 

some systems seem to be burn-free when it comes to stability.[8-9] Recently Du et al. 

reported OSCs based on ITIC-2F and ITIC-Th NFAs with PCE of 8% with a predicted 

lifetime of almost 10 years.[10] Another report worth mentioning is the study by 

Burlingame et al., where single-junction OSCs were fabricated via thermal evaporation. 

The aging process was accelerated by exposing the cells to light intensities of up to 37 

suns. Nevertheless, the cells exhibited extrapolated intrinsic lifetime equivalent to 27,000 

years outdoors.[11] With high efficiencies, advances in scalability, and stability NFAs 

provide, they can become a perfect solution for making OSCs commercially-viable.  

Perovskite layers have been shown to degrade severely when exposed to moisture, heat, 

and UV-radiation. It is known that the stability of PSCs depends to a certain degree on 

the perovskite structure. For instance, partial substitution of MA+ with FA+ or Cs+, as 

well as substitution of I- with Cl-, Br- and SCN- was shown to improve stability of the 

cells towards humidity and heat.[12] Interfaces in PSCs were also demonstrated to 

significantly impact stability. For example, widely-used spiro-OMeTAD HTL is known 

to act as pin-holes that enhance the diffusion of gas species in the solar cell.[13] ZnO, a 
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common ETL, has been reported to react with the perovskite itself, thus inherently 

deteriorating solar cell lifetime.[14] In that regard interface engineering is of high 

importance in efforts to improve stability. CuSCN which has been discussed in Chapter 6 

is an excellent HTL candidate for both OSCs and PSCs. It was shown that in OSCs it can 

outperform PEDOT:PSS in terms of stability and that it can be processed from a variety 

of organic solvents. Further research on this material can be focused on large area 

deposition via inkjet printing or slot-die coating for both OSCs and PSCs and its effect on 

the layer morphology as it has been shown to greatly depend on processing conditions. 

More detailed studies on the stability of the solar cells employing this HTL are also 

needed. The multilayered ETL system in Chapter 5 also showed some promising results 

in terms of stability, but measurements in conditions closer to real-life ones can be 

conducted in the future.  

7.2.3 Toxicity 

From the perspective of toxicity, more efforts can be put in developing OSCs systems, 

which can be processed from non-halogenated environmentally-friendly solvents, and 

avoiding additives such as 1,8-diiodoocatne and 1-chloronaphthalene. It has been shown 

that avoiding high-boiling point additives can also improve device lifetime, so it is 

beneficial from both stability and reduced toxicity aspects.[15] The major concern in 

regards to PSCs is the toxicity and environmental impact of lead content in perovskite 

itself. It seems that in the current legal framework the lead presence should not hinder 

commercialization of the technology, as e.g. cadmium telluride solar cells have been 

successfully implemented and accepted despite the Cd content. However, in a long run, 
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this problem will have to be resolved. For instance, a lot of research effort was put to 

replace lead with tin and this option has already shown potential.[16] 

Although the OSCs and PSCs are witnessing an impressive rise in efficiency in recent 

years and show great potential, there are still challenges to overcome before they can be 

successfully commercialized. Interface engineering plays important role in tackling these 

challenges; it was shown throughout this thesis that it can reduce recombination losses 

and improve the efficiency of both PV technologies. In the future, more efforts have to be 

put to study the interfaces’ impact on the stability and scalability of the cells. Thus, all 

interlayers studied in the thesis were solution-processed and some of them demonstrated 

promising results in terms of stability. In the future, these layers can be deposited via roll-

to-roll deposition techniques, and more studies will be needed to investigate the impact 

on their morphology, energetics, and resulting solar modules’ performance.  
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